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Abstract 
 
The ever-growing energy crisis and environmental pollution are the most challenges we are 
facing nowadays. Solar energy, as an inexhaustible natural resource, has the largest 
potential to replace fossil fuel and satisfy the global energy consumption in future. 
Photocatalysis and photovoltaic device are two effective ways of converting solar energy 
into chemical energy and electric energy, respectively. Due to the unique electronic structure, 
semiconductors have been widely studied and utilized in the field of solar energy conversion. 
In the past 40 years since Fujishima and Honda’ pioneering work, titanium dioxide (TiO2) 
has always been one of the most studied semiconductors for solar energy conversion, due 
to its advantages such as high efficiency, good stability, nontoxicity and low-cost etc. In 
order to obtain the optimized performance of TiO2 photocatalyst, numerous studies have 
been conducted involving crystal growth, doping and heterostructuring. The morphology 
control and surface exposed of photocatalysts have great influence on their performance. In 
this thesis, we mainly focus on the study of the facet engineering of anatase TiO2, including 
the synthesis of anatase TiO2 crystals with tailored facet, the properties of different TiO2 
facets and the applications of faceted TiO2 in solar energy conversion.  
In Chapter 4, a set of anatase TiO2 single crystals with different percentage of {001}, {010} 
and {101} facet was synthesized. By comparing their performance in a series of experiments, 
it was found that clean {001} exhibits lower reactivity than {101} in photooxidation reactions 
for OH radical generation and photoreduction reactions for hydrogen evolution, while the 
{010} facets showed the highest photoreactivity due to the surface atomic structure and 
corresponding electronic structure. 
In Chapter 5, single crystalline anatase TiO2 rods with dominant reactive {010} facets are 
directly synthesized by hydrothermally treating Cs0.68Ti1.83O4/H0.68Ti1.83O4 particles. The 
nanosized rods exhibited a comparable conversion efficiency as photoanode comparing 
with P25 in dye-sensitized solar cells (DSCs), and a superior photocatalytic conversion of 
CO2 into methane to the benchmark P25 TiO2 nanocrystals. 
In Chapter 6, a new class of TiO2 single crystals with dominant {010}, {301} and {101} 
facet, respectively, was obtained. Intrinsic activities of anatase {010}, {301} and {101} facets 
were revealed in photocatalytic hydrogen evolution. Without loading co-catalyst Pt, the 
sample with dominant {010} facets exhibited a superior activity comparing to others. 
In Chapter 7, boron-containing anatase TiO2 microsphere with dominant {001} facet was 
employed to build a hybrid photoanode with P25 for DSCs. By deliberately design three 
structural configurations in photoanodes, the hybrid photoanode exhibited higher light 
 2 
 
harvesting and better charge collection and diffusion properties than that of pristine P25 in 
DSCs with ~ 23% efficiency improvement. Detailed characterizations revealed that the B-
TiO2 microspheres played a dual role in not only offering excellent light scattering effect 
owing to its large particle size and exposed {001} facets, but also promoting conductivity of 
the microsphere because of the presence of heteroatom boron within the microsphere. 
The thesis concludes with a brief summary of the key findings in this program and an 
outlook for future research directions. 
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Chapter 1. Introduction        
 
Along with the development of human society, the global energy consumption rate has been 
growing rapidly. However, the limited fossil fuels, such as coal, petroleum and natural gas, 
will be exhausted shortly. Meanwhile, during the consumption of fossil fuels, tons of toxic 
gases, like CO2, NOx and SOx etc., have been released into atmosphere, resulting in serious 
environmental pollution. Therefore, the ever-growing energy crisis and environmental 
pollution are the most challenges we are facing nowadays. 
In order to solve these two issues, it is urgent to develop and utilize some new clean, 
renewable and sustainable energy sources, such as hydroelectricity, wind energy, tidal 
power, geothermal energy and solar energy. Solar energy, as an inexhaustible natural 
resource, has the largest potential to satisfy the global energy need in future. It has been 
reported that the global energy consumption rate will be 28 TW in 2050. Meanwhile, there 
is 1.7 × 105 TW of solar energy that strikes the earth’s surface. And a practical terrestrial 
global solar potential values is about 600 TW. Therefore, the consumption could be satisfied 
by using less than 10% efficient solar farms [1]. 
Nowadays, solar energy can be utilized in three ways: 1. Solar energy to thermal energy. 
People can transfer solar energy to heat for further use. For instance, solar thermal power 
stations transfer solar energy to heat, which is further used to generate electricity. 2. Solar 
energy to electric energy. Several different kinds of photovoltaic devices have been invented 
and used to convert the solar energy into electricity, such as crystalline silicon cells, thin film 
solar cells and dye-sensitized solar cells etc. 3. Solar energy to chemical energy. By 
participating in some up-hill chemical reactions, the solar energy can be transferred into 
chemical energy of chemical products. For instance, solar energy is used to split water into 
hydrogen and oxygen, or to reduce CO2 to organic fuels.  
For efficient conversion of solar energy into other energies, advanced functional 
materials play essential roles in all above applications. Although hundreds of photocatalysts 
have been explored, in the over 40 years since Fujishima and Honda’ pioneering work, 
titanium dioxide (TiO2) has always been one of the most studied semiconductors for 
photocatalysis, due to its advantages such as high efficiency, good stability, nontoxicity and 
low-cost etc. So far, TiO2 has been wildly studied and utilized in photodegradation, 
photocatalytic/photoelectrochemical water splitting, photocatalytic reduction of CO2 and 
solar cells. 
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Chapter 2. Literature Review        
 
2.1 The Solar Energy Conversion 
The solar energy conversion includes solar to thermal energy, solar to chemical energy and 
solar to electric energy. Comparing with the first one, the latter two conversions are based 
on the band structure of semiconductors. And they have advantages of high efficiency and 
easy storage. 
 
2.1.1 Solar to Chemical Energy  
The solar to chemical energy conversion process is utilizing the solar energy to participate 
into the reaction process of synthesis of chemical fuels. So far, there are two main 
applications of solar to chemical energy conversion, namely, water splitting [2-11] and 
reduction of CO2 [12-26]. They are all based on a similar photocatalytic process in 
semiconductors, including the excitation, bulk diffusion and surface transfer of photoexcited 
charge carries (electrons and holes) [2]. In terms of n-type semiconductors, the excited 
electrons from valence band (VB) jump into the conduction band (CB) by absorbing the 
energy of light equal to or higher than the band gap (Eg) of the semiconductor. Then the 
photogenerated electrons and holes will separate and follow several pathways as shown in 
Fig. 2.1. The electrons and holes may recombine in the bulk (pathway A) or on the surface 
after diffusing to the surface (pathway B). Meanwhile, the survival electrons and holes will 
react with electron acceptor (pathway C) and donor species (pathway D) adsorbed on the 
surface of semiconductor, respectively [27].  
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Figure 2.1 Schematic of photoexcitation in a semiconductor solid [27]. Reprinted with 
permission from Ref 27. Copyright (1995) American Chemical Society. 
In the water splitting reaction, the electrons and holes will act as reducing agents and 
oxiding agents to produce H2 and O2, respectively. Splitting water into H2 and O2 is an uphill 
reaction, which needs the standard Gibbs free energy change ΔG0 of 237 kJ mol-1 or 1.23 
eV (Eq. (1.1)) [2].  
ܪଶܱ	 → 	12ܱଶ ൅ ܪଶ;						∆ܩ	 ൌ 	൅	237	݇ܬ	݉݋݈
ିଵ						ሺ1.1ሻ 
Therefore, the Eg of the semiconductor is required to be > 1.23 eV theoretically. In fact, it 
should be > 2.0 eV (considering thermodynamic and kinetic loss). Furthermore, the positions 
of VB maximum (VBM) and CB minimum (CBM) of semiconductor should cover the 
reduction and oxidation potentials of water. The CBM has to be more negative than the 
reduction potential of H+/H2 (0 V vs normal hydrogen electrode (NHE)). Meanwhile, the VBM 
has to be more positive than the oxidation potential of O2/H2O (1.23 V vs NHE).  
For the photocatalytic reduction of CO2, it is a more difficult challenge than water splitting, 
as the electrons will reduce both H2O and CO2. So the band position of photocatalyst needs 
to satisfy the potentials of the series of reactions. For single-electron reduction of CO2 to a 
radical CO2•-, it requires a strongly negative potential of -1.9 V vs NHE (Eq. (1.2)). In fact, 
there is no such semiconductors can provide electrons with sufficient potential. However, 
with the H+ from H2O, the reactions become much easier. Equation (1.3) – (1.7) exhibit the 
− +
− CB
VB
+
− + +
−
−+
A
B
C
D
A
A-
D
D+
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electrochemical CO2 reduction potentials vs NHE at pH 7 to formic acid, carbon monoxide, 
formaldehyde, methanol and methane, respectively [14].  
ܥܱଶ ൅	݁ି 	→ ܥܱଶ•ି																																																	ܧ௥௘ௗ௢௫଴ 	ൌ 	െ1.90	ܸ											ሺ1.2ሻ 
ܥܱଶ ൅ 	2ܪା 	൅ 	2݁ି 	→ ܪܥܱܱܪ																									ܧ௥௘ௗ௢௫଴ 	ൌ 	െ0.61	ܸ											ሺ1.3ሻ 
ܥܱଶ ൅ 	2ܪା 	൅ 	2݁ି 	→ ܥܱ ൅	ܪଶܱ																				ܧ௥௘ௗ௢௫଴ 	ൌ 	െ0.53	ܸ											ሺ1.4ሻ 
ܥܱଶ ൅ 	4ܪା 	൅ 	4݁ି 	→ ܪܥܪܱ ൅	ܪଶܱ														ܧ௥௘ௗ௢௫଴ 	ൌ 	െ0.48	ܸ											ሺ1.5ሻ 
ܥܱଶ ൅ 	6ܪା 	൅ 	6݁ି 	→ ܥܪଷܱܪ ൅	ܪଶܱ												ܧ௥௘ௗ௢௫଴ 	ൌ 	െ0.38	ܸ											ሺ1.6ሻ 
ܥܱଶ ൅ 	8ܪା 	൅ 	8݁ି 	→ ܥܪସ ൅	ܪଶܱ																		ܧ௥௘ௗ௢௫଴ 	ൌ 	െ0.24	ܸ											ሺ1.7ሻ 
 
2.1.2 Solar to Electric Energy 
The solar to electric energy conversion has been widely studied and commercialized for 
decades far early than photocatalysis. Nowadays, the market of photovoltaic devices has 
been dominated by solid-state junction solar cells, including the first generation solar cells 
based on silicon and second generation solar cells based on thin film technologies [1]. 
 
Figure 2.2 Schematic of device operation and energy level of DSCs. 
As the third generation solar cells, dye-sensitized solar cells (DSCs) have been so 
attractive by representing a promising approach of converting solar energy into electric 
power with high efficiency, facile fabrication and low cost [1, 28]. A new record of 13% overall 
conversion efficiency has been obtained recently [29]. Typically, A DSC consists of three 
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components: a dye-sensitized mesoporous semiconductor film as photoanode; a counter 
electrode and an electrolyte containing a redox couple. As the schematic diagram shown in 
Fig 2.2, when the dye absorbs light, the photoexcited electron rapidly generates and 
transfers into the conduction band of the semiconductor, which carries the electron to the 
electrode. And then the electron transfers through the out circuit with load to reach the 
counter electrode and reacts with a redox couple, which then reduces the oxidized dye back 
to its neutral state [30]. 
 
2.2 Titanium Dioxide Photocatalyst 
Human started to use TiO2 commercially in the early twentieth century [31]. It has been 
widely used in paints, cosmetics, toothpaste, etc. As photocatalyst, TiO2 attracted world-
wide attentions starting with Fujishima and Honda’s pioneering work in 1972 [32]. Since then, 
great efforts have been devoted into the research of TiO2 material in many promising 
applications, due to its unique physical and chemical properties [31, 33]. 
 
2.2.1 Crystalline Structure of TiO2 
TiO2 material has three crystalline polymorphs in nature, including rutile, anatase and 
brookite. As shown in Fig. 2.3, the three nature phases of TiO2 contains TiO6 octahedra as 
basic units connecting with shared edge and corners in different orientation and distortion. 
The different orders of the TiO6 octahedra determine the atomic structures, surface 
structures and electronic structures of each phase of TiO2, and further affect their physical 
and chemical properties. In anatase phase, TiO6 octahedra connect with neighbouring TiO6 
octahedra by sharing edges; In rutile and brookite phases, TiO6 octahedra connect with 
neighbouring TiO6 octahedra by sharing edges and corners [34]. Anatase is tetragonal, in 
which the lattice parameters are a = b = 0.376 nm, c = 0.951 nm; Rutile is tetragonal, in 
which the lattice parameters are a = b = 0.459 nm, c= 0.296 nm; Brookite is rhombohedral, 
in which the lattice parameters are a= 0.918 nm, b = 0.545 nm and c = 0.515 nm. 
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Figure 2.3 Crystal structures of rutile (a), anatase (b) and brookite (c) TiO2. Red spheres 
are Ti4+, blue spheres are O2- and yellow lines represent the unit cell [35]. 
Anatase and brookite are the metastable phases, while rutile is the stable phase at high 
temperatures. Normally, the anatase and brookite phases transfer into rutile phase at high 
temperature (> 973 K) [31]. Although rutile phase is thermodynamically stable, it is generally 
believed that anatase TiO2 is more photocatalytically active in most cases. In this thesis, the 
projects are mainly focusing on the research of anatase TiO2. 
 
2.2.2 The Atomic Structure of Anatase TiO2 surface 
Anatase it the most intensely studied TiO2 polymorph. And in most applications, the active 
of anatase are sensitive to its surface properties, which were determined by the atomic 
structures of anatase TiO2 surface [36]. According to the Wulff construction, the equilibrium 
shape of anatase crystals is a slightly truncated bipyramid with more than 94% {101} and 
fewer than 6% {001} facets (Fig. 2.8) [37]. In fact, in most research works, the as-prepared 
TiO2 single crystals were in this shape, due to minimum surface energy. According to 
calculation, the surface energies of anatase low-index facets are in the order {001} (0.90 J 
m-2) > {010} (0.53 J m-2) > {101} (0.44 J m-2) [38]. The surface energy is related to the density 
of undercoordinated Ti atoms in each facets. Both {001} and {010} facets contain 100% five-
fold coordinated Ti (Ti5c) atoms, while {101} facet has 50% six-fold coordinated Ti (Ti6c) and 
50% Ti5c atoms (Fig. 2.4). Although {010} facet has lower surface energy than that of {001} 
facet, {010} facet absents the equilibrium shape and had never been successfully 
synthesized in the past decades. In recent years, many works including ours have 
developed several other shapes of anatase TiO2 single crystals (Fig. 2.8) [36]. 
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Figure 2.4 Schematic of atomic structure of anatase {001}, {010} and {101} surface. Red 
spheres present O atoms; white spheres present Ti atoms. 
 
2.2.3 The Electronic Structure of TiO2 
In solid-state physics, band theory have been successfully used to explain the electronic 
structure in semiconductors. The continuous bands is composed of multiple molecular 
orbitals. The electronic structure of TiO2 can be presented in the form of densities of states 
(DOS) [31]. According to reported work, the DOS of TiO2 consist with Ti eg, Ti t2g (dyz, dzx 
and dxy), O pσ (in the Ti3O cluster plane), and O pπ (out of the Ti3O cluster plane) (Fig. 2.5a) 
[39]. According to the molecular-orbital bonding structure of anatase, the VB is composed 
of three sections: the σ and π bonding from O pσ band and nonbonding O pπ, while the CB 
is composed of Ti eg and Ti t2g band with nonbonding dxy states (Fig. 2.5b) [40].  
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The position of CBM and VBM of TiO2 is suitable for water splitting and reduction of CO2, 
as the reduction and oxidation potentials satisfy the thermodynamic requirement (Fig. 2.6) 
[14]. 
 
Figure 2.5 The DOS (a) [39] and molecular-orbital bonding structure (b) [40] of the 
anatase TiO2. 
 
Figure 2.6 Relationship between band structure of semiconductors and redox potentials of 
water splitting and reduction of CO2 [14]. Reprinted with permission from Ref 14, Copyright 
2013 WILEY-VCH 
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2.2.4 The Electronic Structure of Anatase TiO2 surface 
In most photocatalytic process, the reactions occur on the surface of photocatalyst with 
electron transferring involved. Therefore, the surface electronic structure plays an important 
role in affecting the photocatalytic activity of anatase TiO2. The surface electronic structure 
is different from the one in semiconductor bulk, as the periodic atomic arrangement is 
terminated at the surface. Furthermore, even in a single crystal, the surface electronic 
structure of each facet is different from each other due to their anisotropic atomic structure. 
However, in the early study of TiO2, most anatase TiO2 particles were synthesized with the 
most stable {101} facets exposed. The morphology control of TiO2 with {001} and {010} (or 
other high-index) facets was not realized. So researchers did not pay any attention to study 
the effects of surface electronic structures on the photocatalytic reactions until previous work 
in our group. Gang et al. found that the light absorption edge of TiO2 nanoparticles with 30-
80 nm in size and 18% {001} facet exposed has an obvious blue-shift, comparing with that 
of a different TiO2 sample with 3 μm in size and 72% {001} facet exposed (Fig. 2.7). X-ray 
photoelectron spectroscopy (XPS) valence band spectra revealed that the VBM of both TiO2 
particles were at 2.18 eV, indicating the CBM of nanosized anatase TiO2 is raised by 0.1 eV 
[41]. In this thesis, we found that the {001}, {010} and {101} facets of anatase TiO2 single 
crystal had different surface electronic structures, which seriously affected the photocatalytic 
activities of each facet [42]. The details will be further discussed in Chapter 4.  
 
Figure 2.7 UV-visible absorption spectra of nanosized anatase crystals with 18% {001} 
facets and micron-sized anatase crystals with 72% {001} facets [41]. Reproduced from Ref 
41with permission of The Royal Society of Chemistry. 
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2.2.5 Synthesis of Faceted TiO2  
The morphology control of TiO2 crystals have been dramatically developed in recent years, 
as TiO2 single crystals with tailored surface exhibit a superior photoactivity in many 
applications. The synthesis of TiO2 include sol-gel method, hydrothermal/solvothermal 
method, chemical vapour deposition (CVD), physical vapour deposition (PVD) and 
electrolytic deposition etc [31]. Among them the hydrothermal and solvothermal methods 
are the most widely ones used to control the exposed facets of a single crystal, as they can 
manipulate both the crystal nucleation and growth behaviours in the process. Anatase {001} 
[42-101], {010} [42, 49, 51, 62, 77, 92, 100, 102-107] and {101} [42, 47, 54, 59, 61-62, 65, 
68, 73, 75, 77, 79, 83-84, 108-114] facets are the most studied exposing surface of TiO2. At 
the same time, some other high-index facets [115-119] are also synthesized, including {103}, 
{105}, {106}, {107}, {40-1}, {301} and {201} (Fig. 2.8).  
 
Figure 2.8 Equilibrium crystal shape of anatase TiO2 through the Wulff construction [37] 
and the evolved other shapes. 
Anatase {001} facet has a high surface energy of 0.90 J m-2. It usually disappear and is 
replaced or covered by low-energy surface {101} during the crystal growth. However, the 
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theoretical predictions suggest that it has promising properties in many application due to 
its high surface energy and special atomic structure. So many efforts were devoted to realize 
the {001} facet experimentally. In 2008, Yang et al. synthesized micro-sized anatase single 
crystal with dominant {001} facet via hydrothermal method by using TiF4 as precursor and 
F- ions as capping agents (Fig. 2.9a) [101]. Since then, many works about anatase {001} 
facet have been published. And the percentage of {001} facet was dramatically increased 
from the initial 47% to 98.7% in a single crystal sheet by Yang et al. (Fig. 2.9b) [120]. In the 
wet chemistry method, the surface agents are crucial to control the growth of the surface. 
For anatase {001} facet, the effective capping agent is fluorine ions. Because with the 
unsaturated Ti5c, the F- ions can from a strong Ti-F bonds, which would restrain the crystal 
growth along [001] orientation and lower the surface energy of {001} facet. So far, HF, NaF, 
NH4F, NH4HF2, [bmim][BF4] and fluorine-containing precursor have been used as the 
fluorine sources [121-128].  
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Figure 2.9 SEM images of TiO2 single crystals with 47% {001} facets (a) [101]. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Ref 101, copyright (2008); 
SEM images and schematic structure of TiO2 nanosheets with 98.7% {001} facets (b) 
[120]. Reproduced rom Ref 120 with permission of The Royal Society of Chemistry. 
Anatase {010} facet has a medium surface energy of 0.53 J m-2. It never exist in the 
equilibrium shape, although it has lower surface energy than that of {001} facet. Anatase 
{010} facet was successfully synthesized for the first in experiment by Li et al. in 2010 (Fig. 
2.10a&b) [106]. Na-titanate nanotubes were used as solid precursor in hydrothermal 
process. During the reaction, the Na+ ions released from the solid precursor increased the 
pH value from initial 10.1 to 11.8. This weak alkali environment can provide hydroxyl groups, 
which would preferentially be adsorb on {010} facet to lower its surface energy and retard 
a
b
5 μm 2 μm
300 nm
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the crystal growth along the a- and b-axe. Our group used lepidocrocite-type bulk titanate 
Cs0.68Ti1.83O4 powder and its protonated form H0.68Ti1.83O4 as prepared to synthesize 
tetragonal anatase TiO2 micro-sized and nanosized rods with dominant reactive {010} facets 
[107]. The details will be discussed in chapter 5. Beyond solid precursor like titanate, by 
carefully controlling the synthesis parameters in the reaction of TiSO4 and HF, we 
synthesized micron-sized anatase crystals with 53% {010}, 14% {001} and 33% {101} facets 
[42]. Furthermore, uniform anatase nanocuboids with {010} and {001} facets with 
controllable aspect radios were synthesized via hydrolysis of titanium tetraisopropoxide with 
acetic acid as solvent and ionic liquid [bmim][BF4] as capping agent (Fig. 2.10c&d) [125]. 
 
Figure 2.10 SEM images of tetragonal faceted nanorods (a, b) [106] (Reproduced  from 
Ref 106 with permission of The Royal Society of Chemistry) and. anatase TiO2 
nanocuboids (c, d) [125] (Reprinted with permission from Ref 125, Copyright 2011 WILEY-
VCH) obtained from the TTIP/H2O/[bmim][BF4]/HAc system with molar ratios at 
1:1.66:2:210.  
Anatase {101} facet has the lowest surface energy of 0.43 J m-2. So it is the most stable 
surface, and is also considered as the lowest active facet. Because it is commonly observed 
in irregular particles of TiO2, there have been far fewer efforts to synthesize octahedra 
anatase crystal with dominant {101} facets comparing to {001} and {010} facets. However, 
crystals with nearly 100% of {101} facet exhibit a superior performance in some applications. 
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Amano et al. synthesized octahedral anatase crystals by hydrothermal treating K-titanate 
nanowires in MiliQ-water at 170 ºC (Fig. 2.10a&b) [114]. Beyond the octahedral shape, the 
anatase {101} facets can appear in belt shape. Wu et al. synthesized anatase single crystal 
nanobelts with two-side {101} facets exposed by calcining protonated titanate at 700 ºC (Fig. 
2.11c&d) [129].  
 
Figure 2.11 SEM and TEM images of anatase TiO2 octahedral particles (a, b). The insets 
are HRTEM and electron diffraction pattern [114]. Reproduced from Ref 114 with 
permission of The Royal Society of Chemistry; SEM and TEM images of nanobelts (c, d). 
The the inset is a selected area electron diffraction pattern taken along the [100] direction 
of the nanobelt [129]. Reprinted with permission from Ref 129, Copyright (2010) American 
Chemical Society. 
 
2.3 Applications of faceted TiO2  
The application of TiO2 are mainly in the fields of environment and energy, particularly solar 
energy conversion and lithium storage. Faceted TiO2 crystals have exhibited remarkably 
enhancement in many cases. This section will mainly focus on the solar energy conversion. 
And some interesting progress in lithium ion battery will also be briefly introduced. 
 
2.3.1 Photocatalysis 
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For photocatalysis, many cases showed that faceted TiO2 single crystal had superior 
performance in photodegradation, water splitting and reduction of CO2.  
For photodegradation, the research subjects have mainly been focusing on anatase {001} 
facets. Yu et al. synthesized micro-sized anatase TiO2 with 80% {001} facet by hydrothermal 
treating an aqueous solution of titanium tetrafluoride with a tetrafluoroborate-based ionic 
liquid. In photodegradation of 4-chlorophenol aqueous solution, the anatase TiO2 single 
crystals with 80% {001} facet exhibited much higher activity than that of the {001} unexposed 
single crystal [130]. Ohtani et al. synthesized decahedral single crystals of TiO2 with 40% 
{001} facet by a newly developed gas-phase process using TiCl4 as a titanium source. 
Although the surface area of the sample is much lower than that of P25, the 
photodecomposition capability of the faceted sample was as high as that of P25 for 
decomposing acetic acid and much higher than that of P25 for decomposing methanol [131]. 
Li et al. developed a new approach to synthesize anatase TiO2 nanocrystals with dominant 
{001} facets by solvothermal alcoholysis of TiF4 in either single alcohol or binary alcohols. 
Under the selective oxidation of toluene reaction, the nanocrystals had higher conversion of 
toluene and selectivity of benzaldehyde [127]. Zheng et al. developed a template- and 
surfactant-free alcohothermal method of synthesizing TiO2 microspheres with high 
percentage of {001} facets by using Ti(OBu)4 as precursor. Methylene orange (MO) in 
aqueous solution can be fully decomposed by the sample within 10min, while only 29% MO 
was decomposed by P25 [132].  
For water splitting, Liu et al. used TiN as precursor for hydrothermal treatment to 
synthesize nitrogen doped TiO2 single crystal with dominant {001} facet, which showed a 
capability of photocatalytic hydrogen evolution under visible light [133].  
Furthermore, we found that tetragonal anatase TiO2 nanorods with dominant {010} facets 
had higher performance in photocatalytic conversion of CO2 into CH4 comparing to Degussa 
P25 (the details will be discussed in Chapter 5). 
 
2.3.2 Dye-sensitized Solar Cells 
In DSCs, nanosized anatase TiO2 crystals have always been the favourite semiconductor 
for photoanode as a good physical support for dye molecules [1]. The large surface area 
and high crystallinity are usually required for high dye adsorption capability and rapid 
electron transport. Faceted anatase TiO2 single crystals with unique surface atomic and 
electronic structure were also introduced into the electrodes of DSCs [134-149]. Many 
researches used faceted anatase TiO2 crystals to fabricate photoanodes. And the 
performance of surface was intensely studied.  
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Anatase {101} facet has the lowest surface energy comparing with {010} and {001} facet, 
and generally was supposed to have low activity. However, {101} facets showed well 
performance in DSCs recently. Yan et al. built a novel double layer photoanode for DSCs 
consisted of a bottom layer of anatase octahedral nanocrystals with smooth {101} facets 
and a top layer of anatase microspheres [150]. With the help of scattering layer for light 
harvesting, the best conversion efficiency was 8.72%. Shiu et al. fabricated another double 
layer photoanode made of an active layer of around 30 nm-size octahedron-like TiO2 single 
crystals with major {101} facets and a scattering layer of around 300 nm-size octahedron-
like single crystals with major {101} facets. The best conversion efficiency was 10.2% [151]. 
Anatase {010} facet was also investigated in photoanode in DSCs. We utilized micro- and 
nanosized rods of anatase TiO2 with {010} facet exposed to fabricate DSCs. The nanosized 
rods showed higher conversion efficiency than that of P25 (7.73% vs. 7.69%), even the 
surface area of the nanosized rods was much lower than that of P25 (25 vs. 48 m2 g-1). The 
details will be discussed in Chapter 5. Yang et al. used the similar TiO2 nanorods with {010} 
facet exposed to obtain the same conversion efficiency of DSCs [152]. The advantage of 
{010} facets for DSCs was attributed to its strong dye adsorption capacity [153]. 
Anatase {001} facet with the highest surface energy of 0.90 J m-2 is usually considered 
as the most active facet. Therefore, it has been intensively studied in recent years. Yu’s 
group is the first research team applied the faceted TiO2 in DSCs and systematically studied 
the adsorption model of N719 dye on anatase {001} and {101} facets [146, 148]. Anatase 
TiO2 nanosheets (NSs) with 75% of {001} facets exposed and nanoparticles (NPs) with less 
than 10% of {001} facets were used to fabricate the photoanode, comparing to Degussa P25 
as reference. In that work, the surface area of NSs is quite smaller than that of NPs (44 vs. 
101 m2 g-1). Therefore, the dye loading of N719 dye adsorbed on NSs based photoanode is 
lower than that on NPs based photoanode (1.43×10-7 vs. 2.14×10-7 mol cm-2). However, the 
dye loading of NSs is higher than that of P25 (1.12×10-7 mol cm-2), although it had slightly 
smaller area than that of P25 (45 m2 g-1). Remarkably, the NSs showed the highest short-
circuit photocurrent (12.5 mA cm-2) and efficiency (4.56 %), comparing with NPs (11.3 mA 
cm-2, 4.24 %) and P25 (9.61 mA cm-2, 3.64 %) under the same conditions. Later, our group 
increased the efficiency from 7.47%, 8.14% to 8.49% by using TiO2 single crystals with ca. 
10%, 38%, and 80% percentage of exposed (001) facets [143]. The surface electronic 
structure of faceted TiO2 can affect the open-circuit voltage (Voc). Laskova et al found that 
the corresponding solar cell with sensitized NSs photoanode exhibited a larger Voc than 
that of the one with {101} facet exposed nanoparticles (Fig. 2.12) [138]. From Mott-Schottky 
(MS) plots, the flatband potential value of {001} facet was negatively shifted by 0.06 V 
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compared to that of {101} facet. Later, De Angelis et al. presented a first-principles 
computational investigation on the adsorption mode and electronic structure of the dye C101 
on anatase TiO2 {001} and {101} facet [142]. They theoretically confirmed the negative 
flatband shift of {001} facet, and explained that the slower charge recombination was 
attributed to the different dye-anchoring geometries of C101 on {001} and {101} facets (Fig. 
2.13) [142]. 
 
Figure 2.12 Current–voltage characteristics of dye-sensitized solar cells employing C101-
sensitized TiO2 photoanode either from (001)-oriented nanosheets or reference (101) 
nanoparticles by using either aqueous paste (a) or ethanolic suspension (b) to fabricate 
films [138]. 
 
Figure 2.13 (a) Adsorption mode A of dye C101 on anatase {001} facet; (b) Adsorption 
mode B of dye C101 on anatase {101} facet [142]. Reprinted with permission from Ref 
142. Copyright (2012) American Chemical Society. 
 32 
 
Furthermore, the plane surface has superior reflectance ability, which can increase the 
light harvesting of photoanode. Zhao’s group obtained 17.5% increment of overall efficiency 
of DSCs by adding a scattering layer consisted of anatase TiO2 microspheres with exposed 
mirror-like plane {001} facets on the top of P25 active layer [147]. From the diffuse 
reflectance spectra, the reflectance of P25 film rapidly decreased from ca. 56% to 30% as 
the wavelength increase from 450 to 800 nm. While the reflectance of the same film with 
scattering layer cover increased from ca. 75% to 90% in the same wavelength range (Fig. 
2.14a). Gao et al. used the similar structure microspheres as scattering layer, the normalized 
IPCE (Incident Photon-to-electron Conversion Efficiency) spectra showed much higher 
conversion efficiency in the wavelength range of 550-700 nm (Fig. 2.14b). 
 
Figure 2.14 (a) Diffuse reflectance spectra of the TiO2 microsphere with exposed mirror-
like plane {001} crystalline facets, TiO2 microsphere without exposed mirror-like plane 
{001} crystalline facets, and P25 films [147]. Reproduced from Ref 147 with permission of 
The Royal Society of Chemistry. (b) IPCE (Incident Photon-to-electron Conversion 
Efficiency) spectra of DCCSs based on different scattering layers, the inset is normalized 
IPCE spectra [135]. Reproduced from Ref 135 with permission of The Royal Society of 
Chemistry. 
 
2.4 Objective and Contribution of This Thesis 
TiO2 as photocatalyst has been widely studied for four decades. In order to obtain the 
optimized performance of TiO2 photocatalyst, numerous studies have been conducted 
involving crystal growth, doping and heterostructuring.  
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Design and morphological control of crystal facets is a commonly employed strategy to 
optimize the performance of various crystalline catalysts. The study of the morphology 
control of anatase TiO2 started with the realization of {001} facet. However, there are still 
lots of unsolved challenges, unknown questions and unexplainable phenomenon. For 
instance, the {001} facet was considered as the most active facet and intensely studied due 
to its potential advantages, such as unique surface atomic structure and high surface energy. 
In some cases, {001} facet showed good performance. On the other hand, {001} facet was 
not comparable to the {010} and {101} facet in some other cases. For instance, there are 
some contradictory interpretations on how the crystalline exposed facets of anatase affect 
the resulting photoactivity,[154-155] it is generally accepted that the {101} facets are more 
reductive than {001} facets,[156] which could act as possible reservoirs of the 
photogenerated electrons, yielding a highly reactive surface for the reduction of O2 to 
superoxide radicals. Therefore, the {010} and {101} facets are also worthy to be investigated 
as {001} facet. And so is the mechanism of photocatalysis reaction occurred on the surface 
of TiO2. Furthermore, researchers need to further investigate much more facile and effective 
methods to synthesize anatase TiO2 single crystals with different facets. In a word, the 
synthesis strategies and surface study of TiO2 crystals need to be further studied for better 
understanding the effect of facet engineering to the performance of photocatalysts. 
The objective of this thesis is to investigate the morphology control of anatase TiO2 
crystals, the properties of different facets and their performance in applications. 
In this thesis, we investigated and developed several different ways of synthesizing 
anatase {001}, {010} and {101} facets. Then we studied their superior performance in 
different applications. By comparing the performance of different crystals, we found the 
effect of the different surface electronic structure to the activity of {001}, {010} and {101} 
facets. Furthermore, we found the excellent performance of {010} facets in water splitting, 
reduction of CO2 and DSCs. All the findings in this thesis have drawn widespread attention.  
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Chapter 3. Experimental Section          
 
3.1 Materials Characterization 
X-ray diffraction 
X-ray diffraction (XRD) patterns were recorded on a Rigaku diffractometer, 32D/MAX2400, 
using Cu irradiation, wavelength is 1.54 Å, angular resolution is 0.04°.  
 
Raman spectroscopy 
Raman spectroscopy was using to observe vibrational modes on TiO2 surface. Raman 
spectra were collected with LabRam HR 800, He-Ne laser source (wavelength 632.8 nm), 
under room temperature. 
 
X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) was using to analyse chemical compositions and 
valence band spectra of TiO2. XPS data were collected using Thermo Escalab 250 with a 
monochromatic Al K α X-ray source (1486.6 eV). All binding energies were referenced to 
the C 1s peak (284.6 eV) arising from adventitious carbon. 
 
Ultraviolet-visible spectroscopy 
The UV-vis light absorption spectra of the samples were recorded in a UV-visible 
spectrophotometer (JASCO V-550, 200-900 nm)  
 
Surface area 
The Brunauer-Emmett-Teller (BET) specific surface area was determined by nitrogen 
adsorption-desorption isotherm measurements at 77 K (ASAP 2010). (Drying condition: 
200 °C for 4 hours, ) 
 
Characterization of morphology and atomic structure 
The morphology was determined by scanning electron microscopy (SEM, Nova NanoSEM 
430). The atomic structure was characterized by transmission electron microscopy (TEM, 
JEOL 2010/2100, Tecnai F30, High tension 200kV).  
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3.2 Performance Measurement 
3.2.1 Photocatalytic Hydrogen Evolution 
The reactions were carried out in a top-irradiation vessel, which connected to a glass-
enclosed gas circulation system. 100 mg photocatalyst powder were dispersed in 300 mL 
aqueous solution containing 10 vol% methanol. The reaction temperature was maintained 
around 20 ºC. The amount of H2 was determined by using a gas chromatograph (Agilent 
Technologies: 6890N). 
 
3.2.2 Photocatalytic Oxygen Evolution 
The reactions were carried out in a top-irradiation vessel, which connected to a glass-
enclosed gas circulation system. 100 mg photocatalyst powder was dispersed in 300 mL 
16.7 mM AgNO3 aqueous solution. The reaction temperature was maintained around 20 ºC. 
The amount of O2 was determined using a gas chromatograph (Agilent Technologies: 
6890N). 
 
3.2.3 Hydroxide Radical Reaction 
The reactions were performed as follows: 5 mg of photocatalyst were suspended in 80 mL 
aqueous solution containing 0.01 mM NaOH and 3 mM terephthalic acid. Before exposure 
to light, the suspension was stirred in the dark for 30 min. 5 mL of the solution were then 
taken out after irradiation for 25 min and centrifuged for fluorescence spectroscopy 
measurements. During the photoreactions, no oxygen bubbled into the suspension. A 
fluorescence spectrophotometer was used to measure the fluorescence signal of the 2-
hydroxy terephthalic acid generated. The excitation light used in recording fluorescence 
spectra was 320 nm. 
 
3.2.4 Photoreduction of CO2 Tests 
The photoreduction experiments of CO2 were conducted in a home-made Teflon-lined 
stainless reaction chamber with a quartz window at the top for light irradiation. The volume 
of the chamber was 50 cm3. 50 mg of the Pt-loaded sample was laid at the bottom of the 
reaction chamber. Prior to filling the gaseous CO2, the chamber was evacuated by a 
mechanical pump. Then, CO2 bubbled from water was added to the chamber to reach a 
pressure of 0.06 MPa. The total amount of products generated in the chamber after light 
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irradiation was determined by analysing a 1.0 mL gas from the chamber with a gas 
chromatograph (Agilent Technologies: 6890N). The light source was a 300 W Xe lamp 
(Beijing Trusttech Co. Ltd, PLS-SXE-300UV). 
 
3.2.5 Performance Test of DSCs 
Current-voltage curve measurements were performed using a Keithley 2420 Source Meter 
under illumination of simulated sunlight (100 mW cm-2) provided by a solar simulator (Oriel) 
equipped with 150 W xenon lamp and an AM 1.5G type filter (Newport, 81094). The light 
intensity was adjusted using an optical power meter (Newport, 1918-c). The IPCE was 
recorded using a 300 W xenon lamp (Oriel), a monochromator (Oriel, Cornerstone 260), and 
a power meter (Newport, 1918-c). The quantity of incident photons on the device at each 
wavelength was calculated using a calibrated Si detector as a reference. 
 
3.2.6 Microscale Electrical Property Measurement 
 
 
 
The measurements were conducted in a field-emission scanning electron microscope (FEI, 
NanoSEM 430) equipped with a four-probe micromanipulator (Kleindiek MM3A-EM) in its 
ultrahigh-vacuum chamber at room temperature. The silicon wafer was used as a substrate 
to support the well distributed anatase microspheres, which were ultrasonically dispersed in 
an ethanol solution prior to dropping them onto the substrate. For picking up the microsphere 
and measuring its I-V curves, two probes were used to connect to a Keithley 4200–SCS 
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semiconductor characterization system. Commercial tungsten probes were employed due 
to its sufficient hardness and sharpness to reach the experimental goal. Prior to loading the 
smaples, two tungsten probes were manipulated to achieve tip-to-tip contact and then 
subjected to Joule heating by applying a scanned voltage from 0 to 10 V several times in 
order to fully remove the surface tungsten oxide layer on the probes. The final electrical 
resistance of the treated tungsten probes was measured to be around 10 Ω. The targeted 
sample on the substrate was picked up by manipulating the two probes. Before recording 
the I-V signals, two important steps are necessary: i) the separation of the picked up smaple 
from the substrate so that the possible influence of the substrate on the measurements can 
be ruled out; ii) the blocking of the electron beam to exclude a possible influence of electron 
bombardment and charging effects. 
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Chapter 4. The Photoreactivity Order of {001}, {010}, and {101} 
Facets of Anatase TiO2 Crystals 
 
4.1 Introduction 
Since anatase TiO2 single crystals with large percentage of {001} facets were realized in 
2008, it was conventionally considered that anatase {001} facet have the highest activity 
among the common three low-index facets ({001}, {010} and {101}), due to its highest 
surface energy resulting from its highest density of undercoordinated Ti atoms. However, 
for the first time, we found out inverse phenomenon and gave the explanation. In this chapter, 
a new method to synthesize anatase TiO2 single crystal with {010} facet was for the first time 
realized in laboratory by hydrothermal treating a solvable precursor. By precisely adjusting 
the conditions, a set of three anatase TiO2 single crystals with different percentage of {001}, 
{010} and {101} facet was obtain. Comparing their performance in a series of experiments, 
it was found that clean {001} exhibits lower reactivity than {101} in photooxidation reactions 
for OH radical generation and photoreduction reactions for hydrogen evolution, while the 
{010} facets showed the highest photoreactivity due to the surface atomic structure and 
corresponding electronic structure.  
 
4.2 Main Content 
This chapter has been published on Angewandte Chemie International Edition. 
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Design and morphological control of crystal facets is a
commonly employed strategy to optimize the performance of
various crystalline catalysts from noble metals to semicon-
ductors.[1–8] The basis of this strategy is that surface atomic
configuration and coordination, which inherently determine
their heterogeneous reactivity, can be finely tuned by
morphological control.[3] The conventional understanding of
the surface atomic structure of a crystal is that facets with a
higher percentage of undercoordinated atoms are usually
more reactive in heterogeneous reactions. For instance, {001}
facets of anatase TiO2, which is one of the most important
photocatalysts,[9–17] are considered to be more reactive than
{101}. We have now discovered, by investigating a set of
anatase crystals with predominant {001}, {101}, or {010} facets,
that, contrary to conventional understanding, clean {001}
exhibits lower reactivity than {101} in photooxidation reac-
tions for OH radical generation and photoreduction reactions
for hydrogen evolution. Furthermore, the {010} facets showed
the highest photoreactivity. However, these three facets had
similar photoreactivity when partially terminated with fluo-
rine. We concluded that a cooperative mechanism of surface
atomic structure (the density of undercoordinated Ti atoms)
and surface electronic structure (the power of photoexcited
charge carriers) is the determining factor for photoreactivity.
The findings of this work open up new opportunities for
maximizing photoreactivity through morphological control of
photocatalysts.
The predicted shape of anatase crystals under equilibrium
conditions is a slightly truncated tetragonal bipyramid,
enclosed by a majority of {101} and a minority of {001}
facets.[18] In contrast to {101} facets with only 50% five-
coordinate Ti (Ti5c) atoms, {001} facets with 100% Ti5c atoms
were once considered more reactive in heterogeneous
reactions.[19–22] A breakthrough by Yang et al. in understand-
ing and controlling crystal facets dramatically increased the
ratio of {001} to {101} in anatase, as illustrated in Figure 1a.[8]
Other important low-index facets, namely {010} facets, which
also have 100% Ti5c atoms, may be dominant in the elongated
truncated tetragonal bipyramids with appropriate surface
chemistry, as predicted by Barnard and Curtiss[23] (see the
right panel in Figure 1a), and which was realized recently.[24,25]
Figure 1. Morphology and atomic structure of anatase TiO2 crystals.
a) Schematic of anatase TiO2 with different percentages of {101},
{001}, and {010} facets. b–d) SEM images of anatase crystals synthe-
sized with different aqueous solutions of HF (120, 80, and 40 mm)
containing different amounts of TiOSO4 precursor (64, 32, and 32 mg)
at 180 8C for different times (12, 12, and 2 h). The samples shown in
(b–d) are denoted T001-F, T101-F, and T010-F, where T indicates TiO2,
001/101/010 the dominant facet, and F surface-terminating fluorine.
e, f,h) TEM images of representative particles of T001-F, T101-F, and
T010-F. g) HRTEM image recorded from typical T001-F particle with
[001] orientation. i, k) HRTEM images recorded from another T010-F
particle along the 110½  and [010] zone axis. j, l) Projected atomic
models along 110½  and [010] directions; white Ti4+, black O2.
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The advances in producing low-index facets have broadened
the scope for new applications of anatase TiO2 and make it
possible to experimentally investigate the dependence of
photoreactivity on the presence of different facets.
The prerequisite for determining the order of facet
photoreactivity is to obtain desired clean facets by technically
comparable synthesis routes. Recently, anatase crystals with
different facets were synthesized by using organic capping
surfactants.[24a] However, the facets were heavily coated by
organic molecules, making it impossible to study the photo-
reactivity of different facets. Therefore, it remains a challeng-
ing task to prepare anatase with dominant percentages of
{001}, {101}, and {010} facets by one synthesis route, and to
subsequently evaluate the order of facet photoreactivity.
The key to controlling the percentage of crystallographic
facets of anatase crystals is to change the relative stability of
each facet during crystal growth, which is intrinsically
determined by the surface energies of the facets. Surface-
adsorbed fluorine atoms are known to be very effective in
changing the surface energy of TiO2 facets and thus the
percentage of facets.[8] Previous results have shown that the
percentage of {001} facets of anatase crystals can be increased
from 18 up to about 90%, depending on the different
synthesis routes.[8,26,27] These results indicate that other
facets such as {010}, the surface energy of which
(0.53 Jm12) is between those of {101} (0.44 Jm12) and {001}
(0.90 Jm12),[18] might also be acquired by fine-tuning the
parameters in a given synthesis route so that a favorable
surface energy for growing such facets can be obtained. When
surface-adsorbed fluorine atoms are used as the morpholog-
ical controlling agent, clean facets are easily obtained by
simple calcination.[8]
Considering the above, we synthesized a set of anatase
crystals with different percentages of {001}, {101}, and {010}
facets by carefully controlling the synthesis parameters.
Representative SEM images of the products are shown in
Figure 1b–d (for low-magnification SEM images, see Fig-
ure S1, Supporting Information). Their XRD patterns con-
firm the anatase phase of these crystals (see Figure S2,
Supporting Information). According to the symmetries[11] of
anatase and a high-resolution (HR) TEM image (Figure 1g),
the truncated bipyramids in Figure 1b and c are enclosed by
eight isosceles trapezoidal {101} and two square {001} facets.
The average particle sizes (the length of A in Figure 1a) and
the thicknesses of samples T001-F and T101-F in Figure 1b
and c were about 3.1 and 1.8 mm and about 1.1 and 1.6 mm,
respectively. The percentages of {001} and {101} facets of
T001-F and T101-F are given in Table 1.
Compared to the shape of the truncated bipyramid in
Figure 1b,c, Figure 1d shows that an additional quartet
column is generated at the center of a particle, so that the
truncated bipyramid is separated into two parts located at the
ends of the column. The shape of these particles is consistent
with the predicted morphology enclosed by {001}, {101}, and
{010} facets of anatase.[23] The angle of (111.7 0.4)8 between
the top square and the lateral trapezoid in Figure 1d
corresponds to the obtuse angle between the {001} and {101}
facets. The HRTEM image in Figure 1 i recorded along the
110
 
zone axis of a single T010-F anatase crystal shows the
{004} lattice fringes with a spacing of 2.4 . Figure 1k,
recorded along the [001] direction, shows three sets of lattice
fringes with spacings of 3.5, 3.5, and 4.8 , corresponding to
{101}, {101¯}, and {002} facets, respectively. These atomic
structures, revealed by the HRTEM images, are consistent
with the projected structure models of an ideal particle
enclosed by {001}, {101}, and {010} facets along the [001] and
110
 
directions as shown in Figure 1 j, l. Clearly, these well-
faceted particles (denoted T010-F) in Figure 1d can be easily
identified as having {001}, {101}, and {010} facets according to
the SEM and TEM images, as well as the crystallographic
symmetries of anatase. The average length of particles is
about 1.7 mm and the percentage of each type of facets is
summarized in Table 1.
The different facets of anatase particles given in Table 1
allow us to investigate their respective photocatalytic activ-
ities. The photooxidation and photoreduction activities of the
synthesized anatase samples were estimated by evaluating the
amount of OH radicals generated by reported methods[28] and
the rate of hydrogen evolution from the photoreduction
reaction. All three samples (T001-F, T101-F, and T010-F) with
fluorine-terminated surfaces show very similar abilities for
generating OH radicals (Figure 2a). Their hydrogen-evolu-
tion rates are also nearly identical (Figure 2b). After remov-
ing the surface fluorine atoms of T001-F, T101-F, and T010-F,
the corresponding fluorine-free samples, denoted T001, T101,
and T010, showed apparently improved photooxidation and
photoreduction capabilities (Figure 2a and b). Furthermore,
the new photoreactivity order is T010>T101>T001 in the
photooxidation and reduction reactions for generating OH
radicals and hydrogen evolution, respectively. Therefore, we
can draw the conclusion that clean {001}, {101}, and {010}
facets follow the photoreactivity order of {001}< {101}<
{010}, while the facets partially terminated with fluorine
have similar photoreactivity. This is contrary to the conven-
tional understanding that the photoreactivity of {001} is
greater than that of {101}.
Although a difference in particle size and specific surface
area (ranging from 1 to 2 m2g1) exists among the above
samples, the results in Figure 2 clearly indicate that the
surface fluorine termination and the percentages of different
crystal facets are two determining factors in controlling the
photoreactivity of anatase. Apparently, surface fluorine
termination can completely counteract the effect of different
facets on photoreactivity. This can be explained by the role of
fluorine termination in changing surface Ti5c atoms to Ti6c,
which greatly impairs surface reactivity,[19] and consequently
modifies the force constants of the surface Ti-O-Ti network
imposed by the presence of surface TiF bonds. The chemical
state of fluorine as TiF species is evidenced by the F 1s X-ray
Table 1: Average percentages of {001}, {101}, and {010} facets in T001-F,
T101-F, and T010-F, calculated from the surface area of each facet from
SEM images.
Sample {001} {101} {010}
T001-F 40% 60% 0%
T101-F 24% 76% 0%
T010-F 14% 33% 53%
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photoelectron spectrum (Figure 3a), which shows a binding
energy of 684.1 eV in all three samples.[8] The amount of
fluorine in T001-F, T101-F, and T010-F is 4.8, 4.3, and
4.9 atom%, respectively. No sulfur species was detected.
The modified force constants are clearly revealed by compar-
ing the Raman spectra of fluorine-terminated TiO2 with
normal anatase (Figure 3b). Two features are evident:
1) shifting of the Eg mode at 144 cm
1 to higher frequency,
and 2) weakening of the B1g mode at 397 cm
1. Therefore, we
concluded that the apparent change in surface structure
imposed by the presence of surface TiF bonds is the reason
for the reactivity order of {001}-F {101}-F {010}-F.
After removing the surface fluorine (see Figure S3,
Supporting Information) from T001-F, T101-F, and T010-F,
Figure 3c demonstrates that the chemical states of elemental
Ti and O in T001, T101, and T010 (Ti 2p3/2 binding energy
458.5 eV; O 1s binding energy 529.7 eV) are identical.
Furthermore, the Raman spectra in Figure 3d show that the
effects of active mode shifting of Eg and weakening of B1g
caused by the TiF bonds are fully eliminated. It suggests that
the surface structures of crystal facets {101}, {001}, and {010}
have been almost completely recovered, so that the photo-
reactivity of different facets with exposed undercoordinated
Ti atoms on the surface is superior to their fluorine-
terminated counterparts.
The commonly used criteria to predict the photoreactivity
of crystal facets is the density of surface undercoordinated
atoms.[19,20] Figure 4a shows the atomic structural model of
{101}, {001}, and {010} facets. With 100% unsaturated Ti5c
atoms at the surface, {001} facets are theoretically considered
more reactive than {101} with 50% Ti5c atoms and 50% Ti6c
atoms in heterogeneous reactions.[19,20] However, as revealed
in Figure 2, {001} has lower photoreactivity than {101},
contrary to the prediction, while {010}, which also has 100%
Ti5c atoms exposed, gives the highest photoreactivity among
Figure 2. Photoreactivity comparison. a) Fluorescence signal intensity
of TAOH at 426 nm and b) hydrogen evolution rate from water
containing 10 vol% methanol for surface fluorine-terminated anatase
TiO2 crystals T001-F, T101-F, and T010-F and clean anatase TiO2
crystals T001, T101, and T010. All samples for measurements of
hydrogen evolution were deposited with 1 wt% Pt cocatalyst.
Figure 3. X-ray photoelectron and Raman spectra. a) F 1s XP spectra of
T001-F, T101-F, and T010-F. b) Raman spectra of T001-F, T101-F, T010-
F and reference bulk anatase. c) Ti 2p and O 1s XP spectra of T001,
T101, and T010. d) Raman spectra of T001, T101, T010 and reference
bulk anatase TiO2.
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the three facets. The question then arises what is the
underlying factor that reverses the predicted photoreactivity
order of {101} and {001} facets, and why do {010} facets give
the highest photoreactivity?
The process of photocatalysis with semiconductor photo-
catalysts involves three mechanistic steps: excitation, bulk
diffusion, and surface transfer of photoexcited charge carri-
ers.[29,30] The photocatalytic reactivity can therefore be
simultaneously tuned through the synergistic effects of
absorbance, redox potential, and mobility of charge carriers,
which are determined by electronic band structures, in
addition to their surface atomic structure. Consequently, the
photoreactivity of a crystal facet must be related to both its
surface atomic structure and surface electronic band struc-
ture.
Electronic band structures of the anatase crystals with
different crystal facets were investigated (Figure 4b–d). UV/
Vis absorption spectra (Figure 4b) demonstrate that,
although T001, T101, and T010 have comparable absorbance,
the absorption edge of T001 has a redshift of about 6 nm with
respect to those of T101 and T010. Previous results confirmed
that the {001} facet has a smaller bandgap than the {101} facet
due to different atomic configurations.[26] Therefore, the
higher percentage of {001} in T001 is responsible for this
redshift. The absorption edge of T101 and T010 with
dominant {101} and {010} facets nearly overlap, that is, {010}
and {101} facets have very close bandgaps. It is therefore
clearly determined that the bandgaps of facets discussed here
satisfy the order {101} {010}> {001}. X-ray
photoelectron valence-band (VB) spectra (Fig-
ure 4c) reveal that VB maxima of all three TiO2
crystals are at 1.93 eV, that is, the conduction-
band (CB) minimum of T101 and T010 is raised
in contrast to T001. Furthermore, the nearly
identical widths of their valence bands of about
6.74 eV indicate similar mobilities of charge
carriers. The resolved band structures of differ-
ent crystals are illustrated in Figure 4d. The
absence of reduction states and upward shift of
VB maxima in our measured VB spectra are
attributed to the negligible amount of oxygen
vacancies in our TiO2 samples, in contrast to the
typically reduced TiO2 single crystals used in
surface-science studies.[11] The existence of
oxygen vacancies can substantially shift the VB
maximum downwards as a result of band-blend-
ing effects and introduce defect states of Ti3+ in
the band gap.[11,31]
Now we can address the true determining
factors of the photoreactivity order of the {001},
{101}, and {010} facets by considering the coop-
erative effects of surface atomic coordination
and band structure. In terms of surface Ti5c
atoms, both {001} and {010} would exhibit a
higher photoreactivity than {101}. Conversely,
{101} and {010} should have superior photo-
reactivity to {001} when considering that more
strongly reductive electrons can be generated on
{101} and {010} facets with a higher CB mini-
mum. Apparently, {010} facets have both a favorable surface
atomic structure and a surface electronic structure, so that the
more strongly reducing electrons in the CB can be transferred
via the surface Ti5c atoms as active reaction sites. The efficient
consumption of excited electrons in the photoreduction
reactions can simultaneously promote the involvement of
holes in photooxidation reactions. Such a cooperative mech-
anism existing on {010} facets is responsible for its having the
highest reactivity.
Finally, it is useful to discuss the possible influence of
surface reconstruction on photocatalytic activity of different
facets. Selloni and coauthors discussed the 1 4 reconstruc-
tion on {001} in terms of the “ad-molecule” (ADM) model,[32]
in which rows of bridging oxygen atoms are replaced with
rows of TiO3 species forming a chain. As a result, additional
more unsaturated Ti4c atoms are formed on {001} surface
besides the original Ti5c atoms. On the other hand, Diebold
et al. demonstrated that the 1  n reconstruction on {100} will
introduce a surface with {101} microfaceted grooves running
in the [010] direction.[33,34] Consequently, the density of
unsaturated Ti atoms on reconstructed {100} will be lower
than that on an ideal {100} face. Based on the conventional
understanding of surface structure that facets with a higher
percentage of undercoordinated atoms are usually more
reactive in heterogeneous reactions, reconstructed {001}
should have had higher photocatalytic activity than recon-
structed {100}. However, as demonstrated in this work, this
hypothesis is not supported. Therefore, the proposed coop-
Figure 4. Surface atomic structure and electronic structure. a) Schematic of atomic
structure of {101}, {001}, and {010} faces. b) UV/Vis absorption spectra of T001,
T101, and T010. c) Valence-band XP spectra of T001, T101, and T010. d) Determined
valence-band and conduction-band edges of T001, T101, and T010.
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erative mechanism of surface structure and electronic struc-
ture still works well even when possible reconstruction is
considered.
Experimental Section
Sample synthesis: 64, 32, and 32 mg of titanium oxysulfate (TiO-
SO4·xH2O, FW: 159.9 gmol
1) powder was dissolved in aqueous
solutions of HF with concentrations of 120, 80, and 40 mm,
respectively, to prepare the TiOSO4 aqueous solution precursor for
anatase TiO2 crystals T001-F, T101-F, and T010-F. In the typical
synthesis routes for samples T001-F, T101-F, and T010-F, 40 mL of the
TiOSO4 solution were transferred to a Teflon-lined autoclave and
heated at 1808C for 12, 12, and 2 h, respectively. After reaction, the
products were collected by centrifugation and washed with deionized
water several times to remove dissolvable ionic impurities. The
samples were then dried at 80 8C in air for 12 h.
Surface-fluorine removal from as-prepared anatase TiO2: Powder
samples of the as-prepared anatase TiO2 crystals were heated at
600 8C in a static air atmosphere in a furnace for 2 h. The samples
were then allowed to cool to room temperature.
Cocatalyst loading: Pt loading was conducted by an impregnation
method in an aqueous solution of H2PtCl6·6H2O. A sample of TiO2
was added to an aqueous solution containing the desired amount of
H2PtCl6·6H2O (1 mgmL
1 Pt) in an evaporating dish at 60 8C. The
suspension was evaporated under constant stirring, and the resulting
powder was collected and heated in air at 180 8C.
Characterization: X-ray diffraction patterns of the samples were
recorded on a Rigaku diffractometer with Cu radiation. Their
morphology was determined by transmission electron microscopy
(TEM) on a Tecnai F30. The BET surface area was determined by
nitrogen adsorption/desorption isotherm measurements at 77 K
(ASAP 2010). Chemical compositions and valence-band spectra of
TiO2 were analyzed by X-ray photoelectron spectroscopy (Thermo
Escalab 250, monochromatic AlKaX-ray source). All binding energies
were referenced to the C 1s peak (284.6 eV) arising from adventitious
carbon. The optical absorbance spectra of the samples were recorded
in a UV/Vis spectrophotometer (JACSCO-550). The fluorescence
emission spectrum was recorded at room temperature with excitation
by incident light of 325 nm wavelength with a fluorescence spectro-
photometer (Hitachi, F-4500). Raman spectra were collected with
LabRam HR 800.
Photoreactivity measurements: Photocatalytic hydrogen evolu-
tion reactions were carried out in a top-irradiation vessel connected to
a glass-enclosed gas circulation system. 100 mg of the photocatalyst
powder were dispersed in 300 mL aqueous solution containing
10 vol% methanol. The reaction temperature was maintained
below 9 8C. The amount of H2 evolved was determined by using a
gas chromatograph (Agilent Technologies: 6890N).
OH radical reactions were performed as follows: 5 mg of
photocatalyst were suspended in 80 mL aqueous solution containing
0.01m NaOH and 3 mm terephthalic acid. Before exposure to light,
the suspension was stirred in the dark for 30 min. Five milliliters of the
solution were then taken out after irradiation for 25 min and
centrifuged for fluorescence spectroscopy measurements. During
the photoreactions, no oxygen bubbled into the suspension. A
fluorescence spectrophotometer was used to measure the fluores-
cence signal of the 2-hydroxy terephthalic acid generated. The
excitation light used in recording fluorescence spectra was 320 nm.
The light source in the above photoreactivity experiments was a
300 W Xe lamp (Beijing Trusttech Co. Ltd, PLS-SXE-300UV).
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Fig. S1 Low-magnification SEM images of the anatase TiO2 crystals synthesized: A, 
T001-F; B, T101-F; C, T010-F.   
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Fig. S2 X-ray diffraction patterns of samples T001-F, T101-F and T010-F.  
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Fig. S3 X-ray photoelectron spectra of F 1s recorded from anatase TiO2 crystals T001, 
T101 and T010 
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Chapter 5. Synthesis of anatase TiO2 rods with dominant 
reactive {010} facets 
 
5.1 Introduction 
According the result in last chapter, anatase {010} facets exhibited superior activity in 
photocatalytic hydrogen evolution, comparing to {001} and {101} facet. Therefore, synthesis 
of nanosized anatase TiO2 single crystals with dominant {010} facet is important to 
optimizing the performance of TiO2. However, the synthesis of anatase TiO2 single crystals 
with {010} facets was hardly realized. It is well known that, the key to control the morphology 
of tailored single crystals is utilizing a certain surface agent to change the relative stabilities 
of different facets during the crystal growth. For {010} facet, hydroxyl is predicted 
theoretically as the efficient surface agent (Barnard, A. S. and Curtiss, L. A. Nano Letters 
2005, 1261). But most titanates precursors would dramatically hydrolysis in basic 
environment. In this chapter, single crystalline anatase TiO2 rods with dominant reactive 
{010} facets are directly synthesized by hydrothermally treating Cs0.68Ti1.83O4/H0.68Ti1.83O4 
particles. The process of transfer from solid titanates to anatase TiO2 will be discussed. The 
resulting samples were characterized by SEM, TEM, XRD and XPS. The nanosized rods 
show a comparable conversion efficiency in dye-sensitized solar cells, and a superior 
photocatalytic conversion of CO2 into methane to the benchmark P25 TiO2 nanocrystals. 
 
5.2 Main Content 
This chapter has been published on Chemical Communications. 
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Single crystalline anatase TiO2 rods with dominant reactive
{010} facets are directly synthesized by hydrothermally treating
Cs0.68Ti1.83O4/H0.68Ti1.83O4 particles. The nanosized rods show
a comparable conversion efficiency in dye-sensitized solar cells
(DSSCs), and a superior photocatalytic conversion of CO2 into
methane to the benchmark P25 TiO2 nanocrystals.
Photocatalysis is a promising process to convert solar energy.1
A high percentage of reactive facets in photocatalysts by
crystal facet engineering has been actively pursued due to
the competitive advantages in optimizing photocatalytic
reactivity and/or selectivity.2 Faceting an anatase TiO2 photo-
catalyst has attracted increasing interest since a large percentage
of high-energy {001} facets was realized.3 Very recently, it has
been reported that {010} with both a favorable surface atomic
structure and surface electronic structure is most reactive
among low index facets {001}, {010} and {101}.4 Although
the surface energy of {010} (0.53 J m2) is theoretically
determined to be slightly higher than that (0.44 J m2) of
{101} and much lower than that (0.90 J m2) of {001}, it is
surprising that no {010} appears in the equilibrium shape of
anatase.5a On the other hand, a couple of experimental studies
have validated the possibility of growing {010} dominant
anatase by using a correct organic or inorganic morphology
controlling agent.4,5b An alternative route to prepare {010}-rich
anatase was to hydrothermally treat pre-synthesized sodium
titanate nanotubes without any morphology controlling agent
in a basic solution environment.6 The origin of stabilization of
{010} facets is that O-terminated {010} has a lower surface
energy than O-terminated {101} and {001} in the basic
environment, which provides a powerful mechanism for growing
{010} dominant anatase.7 In this work, we showed that {010}
dominant anatase rods can directly grow from lepidocrocite-type
titanate particles. Due to the unique surface atomic/electronic
structure, the nanosized rods show a superior activity in
converting CO2 into CH4 and a comparable energy conversion
efficiency as a working electrode in DSSCs to the benchmark
P25 TiO2 nanocrystals.
Lepidocrocite-type bulk titanate Cs0.68Ti1.83O4 powder was
prepared according to the previously reported solid state
reactions.8 Its protonated form H0.68Ti1.83O4 was obtained
by ion-exchange in 1 M chloric acid solution. The morphology
of both Cs0.68Ti1.83O4 and H0.68Ti1.83O4 particles with a size of
several hundreds of nanometres is irregular (see Fig. S1, ESIw).
By hydrothermally treating Cs0.68Ti1.83O4 powder in an
aqueous solution at 180 1C for 24 h, all irregular particles
disappeared and uniform rods with tetragonal sides and
slightly truncated pyramid ends are formed as shown in
Fig. 1a. X-Ray diffraction patterns in Fig. S2 (ESIw) confirm
that these micrometre-sized rods are anatase TiO2 (space
group: I41/amd, JCPDS No. 21-1272). With H0.68Ti1.83O4 as
a precursor and Cs2CO3 as a pH mediator agent, nanosized
Fig. 1 SEM and HRTEM images of (a) micron-sized and (b) nano-
sized TiO2 rods. The insets in (a) and (b) show a schematic shape of an
anatase rod with {010}, {101}, {001} and a high-magnification SEM
image of nanosized TiO2 rods. The insets in (c) and (d) are the
low-magnification TEM images of the micron- and nanosized rods.
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anatase rods with a similar shape to that from Cs0.68Ti1.83O4
are formed (see Fig. 1b). To identify the exposed facets of the
rods, high resolution (HR) transmission electron microscopy
(TEM) was used to reveal surface atomic structures. The
HRTEM images in both Fig. 1c and d, recorded along the
[001] direction of micro- and nanosized rods, give three sets of
lattice fringes with spacings of 4.8, 3.5 and 3.5 A˚, which are
assigned to {002}, {101} and {10%1} facets, respectively.
Clearly, the surface of these well faceted rods can be identified
as lateral {010}, {101} and top {001} (see the inset in Fig. 1a),
according to the SEM and TEM images together with the
crystallographic symmetries of anatase.
The compositions of the rods and their states were investigated
with X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy. A number of Cs+ ions were present in the rods
as seen by the obvious XPS signal of Cs 3d in Fig. S3 (ESIw).
These ions can be easily removed by a simple ion-exchange
process with protons and subsequent calcination in air. Both
the crystal phase and morphology of the rods show no
detectable change after the above treatment. Prior to the
removal of Cs+, the binding energy of Ti 2p and O 1s is,
however, shifted to a higher energy. An additional peak at
ca. 532 eV is also seen in the O 1s XPS spectrum as a result of the
presence of surface terminated Cs–O bonds. After the treatment,
the binding energy of both Ti 2p3/2 and O 1s is shifted to 458.3
and 529. 5 eV, comparable to the previously reported values
in clean anatase TiO2.
9 The possible influence of the Cs+
adsorption and surface treatment process on surface atomic
structures was estimated by Raman spectroscopy. Different
from the substantial role of surface terminated Ti–F bonds in
affecting B1g and A1g modes,
10 the surface Cs–O bonds do not
exert an obvious influence on the Raman active modes of
anatase as shown in Fig. S4 (ESIw), suggesting that the surface
atomic structure of anatase is well retained.
The combination of UV-visible absorption spectra with
XPS valence band spectra of caesium-free anatase rods was
used to determine electronic band alignments. As shown in
Fig. 2a, in contrast to the micro-sized rods, the intrinsic
absorption edge of the nano-sized rods has a blue-shift of
4 nm. The derived bandgap from the plots of the transformed
Kubelka–Munk function vs. the energy of light is 3.27 and
3.32 eV for the micro-sized and nano-sized rods, respectively.
The marginally larger bandgap of the nano-sized rods is
apparently not caused by the quantum size effect because the
critical size of TiO2 is extremely small (5 nm). In the previous
work,4,10 it has been verified that {001} has a smaller bandgap
than both {101} and {010} due to substantially different
atomic configurations on each surface, and {010} has a
bandgap close to {101}. Therefore, the rational reason for
the bandgap difference between the two kinds of rods may be
inferred to be a slightly higher percentage of {001} facets in the
micro-sized rods. According to the valence band (VB) spectra
in Fig. 2b, the VB maxima of both rods are at 1.96 eV, which is
consistent with the reported value (1.93 eV) of {010} dominant
anatase single crystals.4 The unchanged VB maximum
therefore indicates that the conduction band (CB) minimum
of the nano-sized rods is raised by 0.05 eV with respect to the
micro-sized rods (by ca. 0.12 eV compared to conventional
anatase with a bandgap of 3.2 eV). The determined bandgap,
CB minimum and VB maximum are given in Fig. 2c.
Anatase TiO2 is the most widely investigated semiconductor
serving as an electron collector to support a molecular
sensitizer in dye-sensitized solar cells (DSSCs),11 while TiO2
crystals with well-defined facets are seldom investigated.12
Here, we explore the possible advantages of {010} facets in
DSSC applications as indicated in Fig. 3a and b. Due to the
small specific surface area (4 m2 g1) of the micro-sized rods
and thus a limited dye adsorption ability, the micro-sized rod
working electrode gives a quite low short-current (Jsc) of
4.2 mA cm2 and solar energy conversion efficiency (Z) of
1.72%. However, it is interesting to find that the nano-sized
rods can substantially improve Jsc and Z up to 16.5 mA cm
2
and 7.73%, respectively. These values are comparable to those
Fig. 2 (a) UV-visible absorption spectra; (b) XPS valence band
spectra; (c) schematic of electronic band alignments of caesium-free
micro-sized (i) and nano-sized (ii) anatase rods. The inset is plots of the
transformed Kubelka–Munk function vs. the energy of light.
Fig. 3 (a) Photocurrent density–voltage curves and (b) action spectra
of the dye-sensitized solar cells with (i) the micro-sized, (ii) nano-sized
anatase rods with dominant {010} and (iii) P25 TiO2 nanocrystals as
working anodes; (c) time-dependence of photocatalytic conversion
of CO2 into CH4 with (i) the nano-sized rods and (ii) P25 TiO2
nanocrystals loaded with 1 wt% Pt; (d) average conversion rate of
CO2 into CH4 for the initial 2 h with the nano-sized rods loaded with
different percents of Pt cocatalyst.
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(16.9 and 7.69%) of the reference electrode fabricated with the
benchmark P25 TiO2 nanocrystals, whose specific surface area
is nearly two times higher than our nano-sized rods (48 vs.
25 m2 g1). A reasonable explanation for the good performance
of the {010} dominant anatase rods can be attributed to the
unique surface atomic structure featuring both 100% five-
coordinated Ti (Ti5c) atoms and very flat bond configurations
(see Fig. 4a in ref. 4), which may contribute to the effective
adsorption of dye molecules and promote electron transfer
from excited molecules to TiO2. In addition, the electrodes of
the {010} dominant rods have a marginally larger open-circuit
voltage Voc than that of P25 as a result of their higher CB
minimum (739 vs. 727 mV).
Photocatalytic conversion of CO2 into chemical fuels such
as CH4 and CH3OH is a highly important yet very challenging
research topic.13 This is largely due to the multi-carrier
transfer processes required not only by the photooxidation
of H2O with holes from VB but also the photoreduction of
CO2 with electrons from CB, for instance, CO2 + 8e
 +
8H+ - CH4 + 2H2O [E
0(CO2/CH4) = 0.24 V vs. NHE,
pH = 7]. We estimated the photocatalytic conversion activity
of CO2 into CH4 of the Pt-loaded nano-sized {010} dominant
anatase rods in the presence of H2O vapor. The rods give a
superior activity to P25 TiO2 nanocrystals in generating CH4
throughout the whole reaction duration of 10 h, as shown in
Fig. 3c. The deviation of the CO2 conversion rate from
the linear relationship may be caused by the continuously
increased concentration of CH4 in the reaction chamber
during reactions. Systematic studies on the activity dependence
on the amount of Pt cocatalysts suggest that 1 wt% loading is
optimal.
The excellent performance in converting CO2 into CH4 of
the {010} dominant rods can be understood as the synergistic
effects of both the unique surface atomic structure and higher
CB minimum of {010}. The adsorption of reactant H2O and
CO2 molecules on the photocatalyst surface is a prerequisite
for the subsequent electron transfer and conversion reactions.
Theoretically, H2O molecules at low coverage can be
dissociatively adsorbed on the (010) surface with 100% Ti5c
atoms, while the molecules can only be molecularly adsorbed
on (101).14a Furthermore, the interaction of CO2 on the (010)
is predicted to be stronger than that on both (101) and
(001).14b All these features favor the adsorption of CO2 and
H2O on (010). Equally important, it has been experimentally
verified that the photoexcited electrons in a more negative CB
have a greater ability to reduce CO2.
13a In the current case, the
electrons from a more negative CB of {010} dominant rods
can effectively reduce CO2 as indicated in Fig. 3d.
Finally, it is useful to discuss the possible growth processes
of the {010} dominant TiO2 rods from lepidocrocite-type
Cs0.68Ti1.83O4/H0.68Ti1.83O4. By monitoring the crystalline
structure and morphology evolution of intermediate solid
products with reaction times of 0–24 h (see Fig. S5 and S6,
ESIw), three typical stages can be identified for the formation
of the micro-sized TiO2 rods from Cs0.68Ti1.83O4: (i) dissolution
(0–4 h) of Cs0.68Ti1.83O4 to increase both the concentration of
soluble titanium species from nil to the critical point for
TiO2 nucleation and the aqueous pH value by releasing Cs
+;
(ii) a coexistence stage (5–18 h) of Cs0.68Ti1.83O4 and TiO2;
(iii) a possible ripening and recrystallization stage after 18 h.
In stages (i) and (ii), the gradual release of titanium species and
concomitant pH value increase of the solution from an initial
8.4 to a final 12.1 play a central role in controlling
the nucleation and growth of TiO2, and obtaining a high
percentage of {010}. Regarding the formation processes of
the nano-sized rods from H0.68Ti1.83O4, the obvious differences
from the above include a faster dissolution rate of
H0.68Ti1.83O4 than Cs0.68Ti1.83O4 and a higher initial pH value
(10.8) mediated by additional Cs2CO3 and slightly increased
pH value (11.5) during the reaction. These features result in a
much higher density of TiO2 nucleation and consequently
smaller rods. The pH value mediator Cs2CO3 can be replaced
by other weak basic agents such as Na2CO3 and K2CO3 to
prepare similar nano-sized rods (see Fig. S7, ESIw).
The authors thank NSFC (Nos. 50921004, 51002160,
21090343), Solar Energy Initiative of CAS for financial
support. GL thanks the IMR SYNL-T.S. Keˆ Research
Fellowship.
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5.3 Supporting Information 
  
1 
 
Electronic Supplementary Information 
 
Synthesis of anatase TiO2 rods with dominant reactive {010} 
facets for the photoreduction of CO2 to CH4 and use in 
dye-sensitized solar cells 
Experimental Details  
Preparation of Cs0.68Ti1.83O4/H0.68Ti1.83O4. Layered titanate precursor of Cs0.68Ti1.83O4 
was prepared according to a procedure previously reported [1]. Its protonated form of 
H0.68Ti1.83O4 was prepared by ion-exchange of Cs0.68Ti1.83O4 with H+ in a 1 mol·L-1 HCl 
solution for three days. 
Micro-sized anatase TiO2 rods: 200 mg of the Cs0.68Ti1.83O4 power dispersed in 40 mL 
deionized water was hydrothermally treated at 180 °C for 24 h in a Teflon-lined 
stainless autoclave with a volume of 80 mL. The resultant product was washed several 
times with deionized water and then dried in air. 
Nano-sized anatase TiO2 rods: 100 mg of the H0.68Ti1.83O4 powder dispersed in 20 mL 
of a 0.3 mM Cs2CO3 solution was hydrothermally treated at 180 °C for 24 h in a 
Teflon-lined stainless autoclave with a volume of 80 mL. The resultant product was 
washed several times with deionized water and then dried in air. 
Removal of cesium from as-prepared anatase TiO2 rods: The as-prepared anatase 
TiO2 rods were dispersed in a 1 mol L-1 HCl solution while stirring for 24 h and then 
fully washed with deionized water. The recovered powder was heated in a static air 
atmosphere in a furnace at 600 oC for 2 h and then cooled naturally to room 
temperature. 
Characterization. X-ray diffraction patterns of the samples were recorded on a Rigaku 
diffractometer using Cu kα irradiation. Their structure was determined using 
transmission electron microscopy (TEM, Tecnai F30) and scanning electron microscopy 
(SEM, SUPRA 35). The Brunauer-Emmett-Teller (BET) surface area was determined 
by nitrogen adsorption-desorption isotherm measurements at 77 K (ASAP 2010). 
Electronic Supplementary Material (ESI) for Chemical Communications
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Chemical compositions and valence band spectra of TiO2 were analyzed using X-ray 
photoelectron spectroscopy (Thermo Escalab 250, a monochromatic Al Kα X-ray 
source). All binding energies were referenced to the C 1s peak (284.6 eV) arising from 
adventitious carbon. The optical absorbance spectra of the samples were recorded in a 
UV-visible spectrophotometer (JACSCO-550). Raman spectra were collected with 
LabRam HR 800. 
Photoreduction of CO2 Tests. The photoreduction experiments of CO2 were conducted 
in a home-made Teflon-lined stainless reaction chamber with a quartz window at the top 
for light irradiation. The volume of the chamber was 50 cm3. 50 mg of the Pt-loaded 
sample was laid at the bottom of the reaction chamber. Prior to filling the gaseous CO2, 
the chamber was evacuated by a mechanical pump. Then, CO2 bubbled from water was 
added to the chamber to reach a pressure of 0.06 MPa. The total amount of products 
generated in the chamber after light irradiation was determined by analyzing a 1.0 mL 
gas from the chamber with a gas chromatograph (Agilent Technologies: 6890N). The 
light source was a 300 W Xe lamp (Beijing Trusttech Co. Ltd, PLS-SXE-300UV). 
Fabrications of Dye sensitized solar cells. TiO2 Pastes were prepared following a 
reported procedure [2]. A TiO2-coated test cell glass plate (transparent) as a reference 
was received from Dyesol. TiO2 films were deposited on fluorine-doped tin oxide 
(FTO) glass plates (2.3 mm thickness, 8Ω/sq, Dyesol Glass, cleaned with a 2-propanol 
using an ultrasonic bath for 30 min, and then thoroughly rinsed with water) by the 
doctor-blade method, and were then gradually heated at 100°C for 6 min and 550°C for 
30 min. The resulting TiO2 films were immersed into a 0.5 mM N719 (Dyesol) dye 
solution in a 1:1 (v/v) mixture of acetonitrile (HPLC, Lab-scan) and tert-butanol (LR, 
Ajax Chemicals) and kept for 24 h. Subsequently, the dye-covered TiO2 electrode and 
Pt-counter electrode (Dyesol) were assembled into a sandwich type cell and sealed with 
a spacer of 30 μm thickness (Surlyn, DuPont) with a drop of the I-/I3- organic solvent 
based electrolyte solution (EL-HPE, Dyesol) introduced by vacuum back-filling.  
Performance measurements of dye sensitized solar cells. Current-voltage curve 
measurements were performed using a Keithley 2420 Source Meter under illumintion of 
simulated sunlight (100 mW cm-2) provided by a solar simulator (Oriel) equipped with 
Electronic Supplementary Material (ESI) for Chemical Communications
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150 W xenon lamp and an AM 1.5G type filter (Newport, 81094). The light intensity 
was adjusted using an optical power meter (Newport, 1918-c). The IPCE was recorded 
using a 300 W xenon lamp (Oriel), a monochromator (Oriel, Cornerstone 260), and a 
power meter (Newport, 1918-c). The quantity of incident photons on the device at each 
wavelength was calculated using a calibrated Si detector as a reference. 
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Fig. S1 SEM images of (a) Cs0.68Ti1.83O4 and (b) H0.68Ti1.83O4 precursors. 
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Fig. S2 XRD patterns: (a) H0.68Ti1.83O4; (b) Cs0.68Ti1.83O4; (c, d) the synthesized anatase 
TiO2 rods with (a) and (b) as precursor. 
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Fig. S3 XPS spectra and high resolution XPS spectra of Cs 3d, Ti 2p and O 1s of the 
nano-sized anatase TiO2 rods before (a) and after (b) removing Cs. 
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Fig. S4 Raman spectra of the anatase rods before (a) and after (b) removing Cs. 
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Fig. S5 XRD patterns of the solid products by hydrothermally treating Cs0.68Ti1.83O4 for 
different reaction time. 
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Fig. S6 SEM images of the products by hydrothermally treating Cs0.68Ti1.83O4 for 
different reaction time: a, 0 h; b, 6 h; c, 12 h; d, 18 h. Scale bars: 250 nm. e, 
Schematic of growth mechanism of {010} dominant anatase rods from 
lepidocrocite-type cesium titanate. 
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Fig. S7 (a, b) SEM images  and (c) XRD patterns  of {010} dominant anatase rods 
prepared with H0.68Ti1.83O4 and sodium carbonate/potassium carbonate as precursor and 
pH mediator. 
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Chapter 6. Superior intrinsic activity of {010} facet in 
photocatalytic hydrogen evolution 
 
6.1 Introduction 
The morphology control of TiO2 single crystals is significant to their photocatalytic reactivity. 
Developing new method and discovering new surface agent is important to the synthesis of 
tailored TiO2. As a continued work from last chapter, H0.68Ti1.83O4 particles was still used as 
precursor. In this chapter, a new class of TiO2 single crystals with dominant {010}, {301} and 
{101} facet, respectively, was obtained by using Na3PO4 as capping agent. The growth of 
crystals will be discussed. Intrinsic activities of anatase {010}, {301} and {101} facets was 
revealed in photocatalytic hydrogen evolution. Without loading co-catalyst Pt, the sample 
with dominant {010} facets exhibited a superior activity comparing to others. 
 
6.2 Main Content 
This chapter is finished and going to be submitted to Chemical Communications 
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Superior intrinsic activity of anatase {010} facet in photocatalytic hydrogen 
evolution  
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TiO2 single crystals with tailored facets have been one of the hottest topics as the facet 
engineering has many promising advantages.[1-3] Due to the unique properties of crystal 
facets, enormous efforts have been devoted into this field, including not only the 
development of the synthesis,[4-6] but also surface-related fundamental study, such as 
surface electronic structure,[7-8] surface reactive sites,[9-10] anisotropic adsorption,[11-12] 
co-catalyst selective deposition[13-14] and hetero-structural interface[15-16] etc. During the 
process for constructing high performance materials systems, some fundamental issues 
have been revealed, while some others are still under debate.  
Many kinds of faceted TiO2 single crystals have been developed and applied for 
photocatalytic hydrogen evolution.[5, 7-8, 17-21] In most cases, platinum was loaded as co-
catalyst on TiO2. It is well known that with co-catalyst, the performance of photocatalyst 
would be increased dramatically.[22] Because, co-catalyst can enhance the photogenerated 
electrons transfer away from semiconductor and work as reactive sites to further transfer 
the electrons to adsorbent water molecules. Therefore, on some level, the result with 
contribution of co-catalyst is not a real response of the intrinsic activity of TiO2 surface. 
Furthermore, as the high-cost Pt seriously limits the commercialization in future, the intrinsic 
activity of TiO2 surface should be studied for pursuing highly active TiO2 catalysts. However, 
in most past studies, TiO2 was always loaded with co-catalysts, and the intrinsic activity of 
TiO2 facets has never been studied. 
In this work, we used protonated layered compound of H0.68Ti1.83O4 as precursor for 
hydrothermal synthesis of anatase TiO2. H0.68Ti1.83O4 is an excellent precursor as it can be 
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transformed into TiO2 in both acidic and basic environment.[5] Na3PO4 was used as capping 
agent as it can provide weak basic environment, which is in favour of the growth of anatase 
TiO2 {010} facet.[23] As a result, a set of three samples with dominant {010}, {301} and {101} 
facet, respectively, was obtained by precisely controlling the concentration of Na3PO4. The 
intrinsic activity of anatase {010}, {301} and {101} facets was revealed in photocatalytic 
hydrogen evolution without loading co-catalyst.  
The precursor, protonated layered compound of H0.68Ti1.83O4, was prepared according to 
reported procedure.[24-25] The Na3PO4 solution with different concentration from 6-40 mM 
was used to adjust the shape of products. In a typical route, 100 mg H0.68Ti1.83O4 was added 
in 20 ml of 6.6 mM Na3PO4 solution by ultrasonic dispersion. Then, the mix was transfer into 
a Teflon-lined stainless autoclave with a volume of 80 mL and treated at 180 ºC for 12 h. 
The white precipitate was washed with 1 M HCl solution for 3 times to remove adsorbed Na+ 
and PO43- ions and then washed with deionized water for 5 times until pH value around 7. 
After that, the production was heated at 600 ºC in a static air atmosphere in a furnace for 2 
h. The X-ray diffraction (XRD) patterns in Figure 6.1 show that the lepidocrocite-type 
titanates transformed into anatase TiO2 (space group: I41/amd, JCPDS No. 21-1272) 
through hydrothermal treatment. By adjusting the concentration of Na3PO4 solution from 6.6 
mM to 25 mM, and to 40 mM, the shape of particles changed from tetragonal rod shape to 
spindle shape, and to octahedron shape, as presented in the scanning electron microscopy 
(SEM) image (Figure 6.1). All samples have similar particle size around 500 nm and similar 
surface area (ca. 16 m2 g-1).  
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Figure 6.1 SEM images and XRD patterns of anatase TiO2 in (a) tetragonal rod shape, (b) 
spindle shape and (c) octahedral shape. The scale bar is 500 nm. 
Detailed structural information was revealed by high resolution (HR) transmission 
electron microscopy (TEM). Two sets of lattice fringes with spacings of 4.8 and 3.5 Å are 
assigned to anatase {002} and {101} facets, respectively. Three samples grow along [001] 
direction. According the previous experimental and calculational results, it is easily to identify 
the four rectangular facets of the tetragonal rod as {010} facets (Figure 6.2b&e), and the 
eight triangle facets of the octahedron as {101} facets (Figure 6.2d&g). In term of the sample 
in spindle shape, the angle between exposed facet and (001) plane is 82.1°, which is 
assigned to the angle between {301} plane and (001) plane.[26] Specifically, as the 
schematics shown in Figure 6.2, the tetragonal particles have dominant {010} facets and 
few portion of {101} and {001} facets exposed; the spindle particles have dominant {301} 
facet and few portion of {101} and {001} facets exposed; the octahedral particles have nearly 
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100% of {101} facets exposed.  
 
Figure 6.2 (a) Schematics and HRTEM images of (b, e) T010, (c, f) T301 and (d, g) T101. 
The scale bar is 10 nm. 
Obviously, the concentration of Na3PO4 solution strongly affects the shape of particles. 
When the concentration of Na3PO4 solution was 6.6 mM, the pH value was around 11.7. 
According reported experimental and calculational works [7, 23], anatase {010} facets have 
lower surface energy than {001} and {101} facets in basic environment. So, the tetragonal 
particles with dominant {010} facets were readily obtained. Along with the increased 
concentration of Na3PO4 solution, the pH value increased. Although basic environment is in 
favour of reducing the surface energy of {010} facet, the shape of TiO2 single crystals 
changed from tetragonal rod to spindle, and then to bipyramid. The formation of {301} and 
{010} facets is distributed to the high concentration of PO43-, as the adsorbed PO43- can 
reduce the surface energy of {101} facet.[17] The spindle crystals can be considered as a 
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transient state between tetragonal rod and bipyramid.  
For comparing with the result of intrinsic activity of anatase {010}, {301} and {101} facets, 
we firstly investigated the photocatalytic behaviors of the resultant crystals by monitoring 
photocatalytic hydrogen evolution from water splitting in the presence of sacrificial agent. 
1wt% of Pt was loaded on TiO2 as co-catalyst by thermal deposition and photoreduced 
deposition respectively (detailed in supporting information). As shown in Fig 6.3, the H2 
evolution amount in 10 hours of T010, T301 and T101 with thermally deposited Pt were 4.45, 
3.68 and 2.64 mmol, while the H2 evolution amount in 10 hours of T010, T301 and T101 
with photoreduced Pt were 4.10, 3.18 and 1.68 mmol, respectively. In both two sets of tests, 
the activity of T010 is higher than that of T101, which is consist with some previous reports 
illustrated that {010} facet is more active than {101} facet in hydrogen evolution.[7] And T301 
has medium activity among the three samples. It is notable that the H2 evolution of the three 
samples dropped with co-catalyst Pt loaded by photoreduced deposition, comparing to the 
one with thermal deposited Pt co-catalyst. Because, via thermal deposition, the co-catalyst 
Pt was deposited uniformly on the TiO2 surface (Figure S1 in supporting information). In 
contrast, during the photoreduced deposition, the Pt6+ ions were reduced to Pt cluster initially 
at the surface reactive sites. So the photoreduced deposition is highly sensitive to the 
intrinsic activity of TiO2 surface. Furthermore, the initial Pt clusters may work as co-catalyst 
to accelerate the deposition. Therefore, there was serious aggregation of Pt co-catalyst 
happened on the surface of each samples as shown in the HRTEM images (Figure S2 in 
supporting information).  
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Figure 6.3 Photocatalytic hydrogen evolution of each sample with 1 wt% Pt loaded by (a) 
thermal deposition and (b) photoreduced deposition, respectively. 
Based on above results, it is clear that co-catalyst greatly influenced the activity of TiO2. 
Its existence may bring out uncertain factors to disturb the investigation of TiO2 surface. To 
avoid any effect from co-catalyst Pt and other unexpected interferences, the H2 evolution of 
each sample was tested without loading co-catalyst. The H2 evolution decreased 
dramatically without co-catalyst. However, the larger gap of intrinsic activity of each sample 
is unexpected. As shown in Fig 6.4, T101 with nearly 100% {101} facets has very low activity 
without co-catalyst, 19.6 μmol in 8 hours. It has also been reported that TiO2 with 100% {101} 
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facet has little activity in H2 evolution without co-catalyst.[26] Notably, T010 and T301, 
especially the former, showed much higher activity in H2 evolution (191.0 and 122.3μmol in 
8 hours). Without the effect of co-catalyst, it is easily to identify the intrinsic activity of the 
surface of faceted TiO2 single crystal. In this case, the result is distributed to two main 
reasons. On one hand, the surface atomic structure and corresponding electronic structure 
have great influence on the activity of a specific facet. Theoretically, anatase {001} facet 
allows the dissociative adsorption of water, while anatase {101} facet only allows the 
molecular adsorption of water.[11] Although no similar calculation of {010} facet reported yet, 
anatase {010} facet with 100% undercoordinated Ti atoms (same as {001} facet) may also 
allow dissociative adsorption of water, which may be benefit to water being further splitted. 
On the other hand, it has been reported that {010} facet has better performance than that of 
{101} facet in H2 evolution, due to the higher reduce ability result from more negative 
conduction band minimum.[7] 
 
Figure 6.4 Photocatalytic hydrogen evolution of each sample without co-catalyst. 
In summary, tailored anatase TiO2 single crystals with dominant {010}, {301} and {101} 
facets were synthesized by using H0.68Ti1.83O4 as precursor and Na3PO4 as capping agent. 
Because the efficiency of a photocatalyst result from the synergetic effect of semiconductor 
and co-catalyst loaded on, even mainly from the activity of co-catalyst, the difference 
between the intrinsic activities of each facet of semiconductor is undermined. In this work, 
the intrinsic activity of TiO2 was studied. Comparing with {301} and {101} facet, anatase {010} 
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facet exhibited superior activity in photocatalytic H2 evolution, which reflected the advantage 
of {010} facet in photocatalysis. 
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Superior intrinsic activity of anatase {010} facet in 
photocatalytic hydrogen evolution 
Experimental Details  
Sample Synthesis 
Protonated layered compound of H0.68Ti1.83O4 was prepared according to a reported 
procedure.1 The Na3PO4 solution with different concentration from 6-40 mM was used to 
adjust the proportion of {010} and {101} facet. In a typical route, 100mg H0.68Ti1.83O4 was 
added in 20ml of 6.6 mM Na3PO4 solution by ultrasonic dispersion. After 10 min ultrasonic 
dispersion, the mix was transfer into a Teflon-lined stainless autoclave with a volume of 80 
mL and treated at 180 ºC for 12 h. The white precipitate was washed with 1 M HCl solution 
for 3 times to remove absorbed Na+ and PO43- ions and then washed with deionized water 
for 5 times until pH value around 7. After that, the production was heated at 600 ºC in a static 
air atmosphere in a furnace for 2 h. 
 
Co-catalyst Loading 
Pt loading was conducted in two methods: 1. The TiO2 samples was added to an aqueous 
solution containing the desired amount of H2PtCl6 (1 mg mL-1) in an evaporating dish at 60 
ºC. The suspension was evaporated under constant stirring, and the resulting powder was 
collected and heated in air at 180 ºC; 2. The TiO2 samples was added to an aqueous solution 
containing the desired amount of H2PtCl6 (1 mg mL-1) with 10vol% methanol. The 
suspension was constantly stirred under the illumination of 300 W Xe lamp for 30 min. Then 
the powder was centrifuged and collected. 
 
Characterization 
X-ray diffraction (XRD) patterns of the samples were recorded with a Rigaku diffractometer 
using Cu irradiation. Their morphology was observed by scanning electron microscopy 
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(SEM) and transmission electron microscopy (TEM) performed on Nova NanoSEM 430 and 
JEOL 2010. The Brunauer–Emmett–Teller surface area was determined by nitrogen 
adsorption–desorption isotherm measurements at 77 K (ASAP 2010). Chemical 
compositions and valence band spectra of the samples were analyzed using X-ray 
photoelectron spectroscopy (XPS) (Thermo Escalab 250, a monochromatic Al Kα X-ray 
source). All binding energies were referenced to the C 1s peak (284.6 eV) arising from the 
adventitious carbon. The optical absorption spectra of the samples were recorded with a 
UV–visible spectrophotometer (JASCO V-550).  
 
Photocatalytic Activity Measurements 
Photocatalytic hydrogen evolution and oxygen evolution reactions were carried out in the 
same top-irradiation vessel connected to a glass-enclosed gas circulation system. 100 mg 
of the photocatalyst with 1% Pt loaded was dispersed in 300 mL aqueous solution containing 
10vol% methanol for hydrogen evolution. The reaction temperature was maintained around 
10 ºC. The amount of H2 was determined using a gas chromatograph (SHIMADZU GC-
2014C). The light source in the above photoreactivity experiments was a 300 W Xe lamp 
(Beijing Trusttech Co. Ltd, PLS-SXE-300UV). 
 
 
Fig. S1 TEM images and corresponding Energy-dispersive X-ray spectroscopy (EDS) 
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spectra of (a, d) T101, (b, e) T301 and (c, f) T010 with 1 wt% Pt loaded by thermal deposition. 
 
 
 
Fig. S2 TEM image of (a) T101, (b) T301 and (c) T010 with 1 wt% Pt loaded by photoreduced 
deposition; (d) HRTEM image of aggregative Pt clusters on T101. 
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Chapter 7. Heteroatom-facilitated charge transfer in 
photoanode for dye-sensitized solar cells          
 
7.1 Introduction 
In a published work I have co-authored, a new type of boron-containing anatase TiO2 
microspheres with large percentage of {001} facet were obtained by hydrothermal treating 
TiB2 without using any F- ions contained capping agent. Because the anatase {001} facet is 
benefit to the adsorption of dye, and has a good ability of light reflecting for enhancing the 
light harvesting of photoanode in DSCs.[1] Therefore, we employed B-containing anatase 
TiO2 microsphere to build a hybrid photoanode with P25. By deliberately design three 
structural configurations in photoanode, we revealed that  the hybrid photoanode exhibited 
higher light harvesting and better charge collection and diffusion properties than that of 
pristine P25 in DSCs with ~ 23% efficiency improvement. Detailed characterizations 
revealed that the B-TiO2 microspheres played a dual role in not only offering excellent light 
scattering effect owing to its large particle size and exposed {001} facets,[1] but also 
promoting conductivity of the microsphere because of the presence of heteroatom boron 
within the microsphere. 
 
7.2 Main Content 
This chapter is finished and going to be submitted to Energy & Environmental Science. 
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Semiconductor film is an essential component of photoanode in most solution-processed 
solar cells. For instance, in dye-sensitized solar cell (DSC), the sensitizing dye is anchored 
to a wide bandgap semiconductor film. After the dye absorbs the light, the photoexcited 
electrons rapidly transfer into the conduction band of the semiconductors. Therefore, the 
effective semiconductor film is an indispensable part of the device for high efficiency, as it 
not only provides the dye physical support, but also carries the electrons to electrode. As 
one of the most promising photovoltaic devises for low cost solar energy conversion,[1-4] 
DSCs have gained widespread attention in recent years. A new record of 13% power 
conversion efficiency has been obtained [5]. In a conventional DSC, a disordered network 
consisted of random-packed TiO2 nanoparticles, such as Degussa P25, has been 
extensively used as photoanode materials. Although small particle size results in high 
surface area for sufficient dye loading, for nanoparticles, low light scatting ability and high 
electron trapping at grain boundary lead to insufficient light harvesting and low charge 
diffusion [6]. 
For efficient electron collection and diffusion, modifications on photoanode have been 
conducted. One is controlling the morphology of the photoanode materials. For instance, 
one-dimensional TiO2 nanostructures have been widely studied in DSCs, including 
nanowires [7-9], nanobelt [10], nanorods [11] and nanotubes [6, 12-13], which offer an 
effective pathway for electron transfer. Alternatively, adding another material with one-
dimensional nanostructure or high charge mobility is also an effective way. For instance, 
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many works modified the TiO2 nanoparticle film by adding ZnO nanowires due to its higher 
charge diffusivity than that of TiO2 [14-16]. The use of  conductive materials, such as carbon 
nanotubes [17-18] and graphite [19], can also remarkably enhance electron transport and 
collection efficiency. Overall, the idea is regularizing the electron diffusion path for avoiding 
electron trapping and recombination at grain boundary. However, changing the intrinsic 
charge mobility of the photoanode materials is rarely reported. 
To achieve high light harvesting, an efficient way is dispersing large diffusive particles 
within nanoparticles film or coating a scattering layer on the back side semiconductor film 
for increasing the light trapping [1, 20-21]. The morphology control is crucial for promoting 
scattering effect, such as shell-in-shell hollow structure [22]. Recently, Zhao et al. reported 
that anatase TiO2 microsphere with mirror-like plane {001} facets exhibited excellent light 
reflecting ability, which resulted in an enhanced DSCs efficiency [1].  
In previous works [23], we synthesized TiO2 microspheres with enriched {001} facets. By 
varying the diffusion of heteroatom boron in TiO2 microspheres, the materials exhibited 
different electron conductivities. In this work, we employ the TiO2 microspheres as 
photoanodes material in order to investigate the influence of its unique properties on DSCs 
performance. Owing to its high light scattering effect and charge mobility, the hybrid 
photoanode with the boron-containing TiO2 microsphere shows an enhanced DSCs 
efficiency. 
The anatase TiO2 microspheres are 2-4 µm in diameter, of which the surface consists of 
nanosized truncated pyramids with enriched {001} and minor {101} facets (Figure 7.1a). As 
discussed [23], heating the sample at 600 ˚C did not change the morphology or crystal 
structure, but did change the distribution of heteroatom B it hosted. Induced by heating, the 
substitutional boron (Bδ-, δ≤2) in the core of as-prepared TiO2 microsphere converted to 
interstitial boron Bσ+(σ≤3), and diffused to shell. As shown in Figure 7.1b, as-prepared TiO2 
microsphere (note as BMS) has boron rich in the core and boron free in the shell. In contrast, 
the sample calcined at 600˚C (note as BMS-600) has the opposite distribution of boron ions.  
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Figure 7.1 (a) SEM image of a single anatase microsphere; (b) Schematic of the 
evolution of boron distribution within an anatase microsphere upon heating. 
In this work, three different structural configuration of photoanodes were designed for 
investigating the influence of the different gradient of heteroatom boron in TiO2 materials on 
DSC performance. 
Structure I 
In structure I, the TiO2 microsphere samples (BMS and BMS-600) were used to prepare 
paste, and coasted by doctor-blade approach on the fluorine-doped tin oxide (FTO) glass 
(2.3 mm thickness, 8 Ω/sq, Dyesol Glass) as the photoanode in DSC, respectively (Figure 
7.2a). The fabrication details are fully illustrated in experimental section. The resulting DSCs 
were examined under standard illumination test conditions (AM 1.5G, 100mW cm-2). Figure 
7.2b and 7.2c display the photocurrent density-voltage (J-V) curves and incident photon-to-
current conversion efficiency (IPCE) spectra of BMS and BMS-600, respectively. Table 7.1 
shows the detail information including the short-circuit current density (Jsc), open circuit 
voltage (Voc), energy conversion efficiency (η) and fill factor (FF). The microspheres have 
large particle size and consequently low surface area, which result in low dye loading and 
weak particle-particle or particle-substrate contact within the solid film. Therefore, the Voc 
and FF are lower than normal value due to a high charge recombination loss at grain 
boundary and electrolyte-electrode interface. Consequently, the overall efficiency of pure 
BMS-based DSCs is quite low. However, it is interesting that BMS with slightly higher Jsc 
shows better performance than that of BMS-600, although they have the same dye loading 
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in DSCs. Furthermore, the surface chemistry of BMS is different from BMS-600 due to the 
concentrated boron near the surface.[23] The adsorption equilibrium was conducted to 
check the adsorption characteristics of N719 on BMS and BMS-600 (detailed in supporting 
information). The similar adsorption capacity of N719 on BMS and BMS-600 (Figure S1) 
indicates that they have the same dye adsorption mode. Considering BMS and BMS-600 
have the same morphologies, similar dye-loading and internal structure of the solid film. 
Therefore, the main reason for the different performances should be attributed to the inner 
factor, which will be discussed later. 
 
Figure 7.2 (a) Schematic illustration of the photoanode in Model I. (b) J−V curves and 
(c) IPCE spectra of DSCs based on pure BMS film and BMS-600 film. 
Table 7.1 Comparison of photovoltaic properties of DSCs based on Model I photoanode. 
The active areas were 0.16 cm2 for all of the cells and the data presented are average values 
obtained after testing 5 cells 
Samples Jsc [mA cm-2] Voc [mV] FF [%] η [%] 
Absorbed dye 
[10-7 mol cm2 ] 
BMS 9.728 715 63.8 4.43 0.572 
BMS-600 7.776 708 62.2 3.76 0.576 
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The TiO2 microsphere samples have weak particle-substrate contact due to their large 
particle size. To solve this problem, bilayer structure photoanode of BMS and P25 was used 
in structure II. Specifically, one layer (ca. 5 µm) of P25 paste was coated on FTO glass first 
by doctor-blade approach. Then, another layer of BMS or BMS-600 was coated on top of 
the first P25 layer (Figure 7.3a). All performance parameters of bare P25, P25/BMS and 
P25/BMS-600 DSCs are summarized in Table 7.2. 
In the J-V curves shown in Figure 7.3b, the DSCs based on these three type of solid films 
have the same Voc (0.79V), which is much higher than that in Structure I (ca. 0.71V). 
Because all these films have the same compact layer of P25 resulted in well contact with 
FTO substrate. This good contact can facilitate charge transfer and depress the electron 
recombination.  Consequently, the FF is also increased from ca. 63% in Model I to ca. 71% 
in Structure II. Based on the P25 layer, the Jsc of BMS and BMS-600 is 11.96 mA cm-2 and 
11.29 mA cm-2, respectively, which is higher than that of 10.27 mA cm-2 for pure P25. This 
order is also in good agreement with IPCE spectra in Figure 7.3c. The enhanced 
performance of bilayer structure film is attributed to two main reasons. First, another layer 
of microsphere sample is built based on P25 layer. Although microsphere has low surface 
area, the dye-loading of the whole film is higher than that of bare P25 layer. Second, the 
microsphere layer is working as light-scattering layer to enhance light harvesting. The 
reflectivity of each film was studied to confirm the scattering effect of the microsphere. Figure 
7.4 shows the diffused reflectance spectra of pure P25 film and P25/BMS bilayer film. Clearly, 
in the wavelength range of 420-800 nm, the reflectivity of BMS is higher than that of P25. 
Moreover, the reflectivity of P25 drops rapidly after reaching the peak at around 400 nm, 
while the one of sample BMS is more stable in the same range. Importantly, it is worth to 
note that BMS and BMS-600 also show different performance under the same circumstance. 
 
Table 7.2 Comparison of photovoltaic properties of DSCs based on Model II photoanode. 
The active areas were 0.16 cm2 for all of the cells and the data presented are average values 
obtained after testing 5 cells 
Samples Jsc [mA cm-2] Voc [mV] FF [%] η [%] 
Absorbed dye 
[10-7 mol cm2 ]a 
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Pure P25 10.27 790 71.7 5.82 0.743 
P25/BMS 11.96 790 71.6 6.77 0.852 
P25/BMS-600 11.29 790 71.8 6.49 0.851 
a Dye-absorbed films with a dimension of ca. 4 cm2 were used for estimating the dye uptake.
 
Figure 7.3 (a) Schematic illustration of the photoanode in Model II. (b) J−V curves and 
(c) IPCE spectra of DSCs based on pure P25, P25/BMS film and P25/BMS-600 film. 
 
Figure 7.4 Diffused reflectance spectra of P25 film and BMS film. 
Structure III 
In structure III, the microsphere samples and P25 were mixed first to prepare the paste. 
Then the hybrid paste was coated on FTO glass as photoanode in DSCs. Through 
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preliminary investigation, the optimizing paste contained 20% of microsphere sample and 
80% of P25. The DSCs based on this hybrid photoanode exhibited superior performance, 
comparing with pure P25 photoanode with the same thickness. 
As shown in Figure 7.5c, BMS and BMS-600 mixed in hybrid paste can still act as light 
scattering layers and have similar reflectance. Figure 7.5a records the J-V curves of DSCs 
based on pure P25, P25&BMS and P25&BMS-600 hybrid photoanode. The corresponding 
indices are summarized in Table 7.3. Under optimizing conditions, the average efficiency of 
pure P25 is reaching up to 7.77% with the thickness of 13.84 μm. With the similar thickness 
of 13.92 μm, the P25&BMS-600 hybrid photoanode shows slightly higher Jsc of 16.97 mA 
cm-2 than 16.66 mA cm-2 of P25, but lower FF of 61.8% than 62.5% of P25. So its efficiency 
of 7.78% is very close to that of P25. Although the hybrid photoanode has lower quantity of 
dye adsorption, which is attributed to large size and consequent low surface area of 
microsphere, it can keep the similar efficiency with pure P25 due to its light-scattering effect 
demonstrated in Model II. In the IPCE spectra shown in Figure 7.5b, the curve of P25&BMS-
600 film is lower than that of P25 at wavelength around 540 nm. However, in the wavelength 
range of 580-680 nm, the curve of P25&BMS-600 film is higher than that of P25. It is a 
typical phenomenon that enhancing the IPEC at long wavelength range in most works 
related to light-scattering layer.[1, 20-22] Hence, it can confirm the light-scattering effect of 
the microsphere in Model III. 
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Figure 7.5 (a) J−V curves and (b) IPCE spectra of DSCs based on pure P25, 
P25&BMS and P25&BMS-600 film. (c) Diffused reflectance spectra of BMS&P25, BMS-
600&P25 and P25 film 
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Table 7.3 Comparison of photovoltaic properties of DSCs based on Model III photoanode. 
Samples Jsc [mA cm-2] Voc [mV] FF [%] η [%] Thickness [µm] 
Absorbed dye
[10-7 mol cm2 ]a
Pure P25 16.66 746 62.5 7.77 13.84 1.84 
P25&BMS 20.19 740 64.5 9.57 13.91 1.55 
P25&BMS-
600 16.97 751 61.8 7.78 13.92 1.56 
a Dye-absorbed films with a dimension of ca. 4 cm2 were used for estimating the dye uptake.
 
In all these three models, sample BMS always shows better performance than BMS-600 
under the same circumstance. This interesting phenomenon leads us to consider what the 
inner factor is affecting on the efficiency of DSCs. As we mentioned before, a distinguish 
feature is the distribution of heteroatom B in BMS and BMS-600. BMS-600 was calcined at 
600˚C so that the substitutional boron (Bδ-, δ≤2) in the core converted to interstitial boron 
Bσ+ (σ≤3), and diffused to shell. In our previous work [23], the diffusion behaviours of boron 
in the microsphere were fully studied by theoretical calculation and micro scale electrical 
conduction characterization of a single microsphere. Compared with BMS-600, BMS 
exhibited higher electrical conductivity with the extra contribution of Bσ+ (σ≤3) ion conduction. 
However, in this case, the microsphere sample was calcined at 400˚C during the preparation 
of photoanode. Hence, the sample BMS calcined at 400˚C (note as BMS-400) was used to 
conduct the conduction measurement for comparing with BMS-600. Figure 7.6 shows the I-
V curves recorded from a single microsphere of BMS-400. In our previous work [23], the 
BMS-600 with boron in the shell shows a typical electron conduction behaviour of an 
ordinary semiconductor. Under the same test conditions, BMS-400 shows a cooperative 
conduction of electrons and Bσ+ ions. This phenomenon is attributed to the directional 
diffusion of concentrated Bσ+ ions within the microsphere along the electric field. It is 
reasonable to consider that the extra contribution of Bσ+ ion conduction to the electrical 
conductivity certainly affect the charge transfer within this material. 
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Figure 7.6 I – V curves measured from a single microsphere with SEM image. 
 
Figure 7.7 Impedance spectra of DSCs based on P25&BMS and P25&BMS-600 hybrid 
photoanodes measured at applied voltage of 0.7 V in dark. 
However, these conductivity results above were obtained based on the test of a single 
microsphere. Electrochemical impedance spectroscopy (EIS) analysis [24-27] was carried 
out to study the charge transfer resistance of the hybrid films. Figure 7.7 presents the 
Nyquist plots of the impedance spectra obtained at an applied voltage of 0.7 V (close to Voc) 
in dark. The largest medium-frequency (1000-10 Hz) arc is related to the electron transport 
across the hybrid films. According to literatures [28-31], the larger arc of BMS is associated 
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with the charge transfer (recombination) resistance (Rct2), which may lead to higher electron 
diffusion and collection efficiency in the hybrid film-based DSCs. In Model III, the contacts 
of particle-to-particle and particle-to-substrate are enhanced with P25 filling the gaps. It is in 
favour of making the conductivity of microsphere contribute the charge transfer in hybrid film. 
Therefore, the higher electron diffusion in the P25&BMS hybrid film is attributed to the higher 
conductivity of BMS in micro scale electrical conduction characterization. This conclusion 
well explains the differences in the performance of Model I. 
Furthermore, when the electrons transfer in the semiconductor film, the defect states of 
microsphere should be considered. The defect sates near the surface may act as charge 
trappings, reducing the DSC efficiency. For experimentally confirming this issue, the 
photocatalytic degradation of Rhodamine B (RhB) was conducted by using BMS alone and 
BMS-600 alone. The experiment is detailed in the supporting information. The result (Figure 
S2) shows that BMS and BMS-600 have similar photodegradation rate, indicating similar 
defect states on their surface. 
Based on the results above, the reasons that DSCs based on P25&BMS hybrid 
photoanode exhibit excellent performance are easily to summarize as shown in Scheme 1: 
i) the large particle size is in favour of promoting light harvesting of photoanode. ii) the higher 
electrical conductivity contributed by Bσ+ ion conduction  enhances the electron diffusion 
within photoanode. 
 
Scheme 1 Schematic picture of the function of the TiO2 microsphere in hybrid 
photoanode in Model III. 
In summary, photoanodes with high charge transfer and light harvesting were obtained 
by employing dual-functional B-TiO2 microspheres and P25. On one hand, this material 
FTO
Light
e‐ P25B rich
B free
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showed excellent light scattering effect owing to its large particle size and exposed {001} 
facets. On the other hand, the conductivity of the microsphere was enhanced by abundant 
heteroatom boron it hosted, which can diffuse within the microsphere. Therefore, the hybrid 
photoanode had high light harvesting and high charge collection and diffusion. The resulting 
DSCs exhibited excellent efficiency of 9.57%, comparing with 7.77% of pure P25.  
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Electronic Supplementary Information 
 
Heteroatom-facilitated charge transfer in photoanode for dye-
sensitized solar cells 
Experimental Details  
Preparation and characterizations  
Anatase TiO2 microspheres with an interstitial Bσ+ (σ≤3) were synthesized according to 
our recently developed procedure. Specifically, the acidic hydrolysis of crystalline TiB2 in a 
Teflon-lined autoclave at 180 ˚C for 24 h led to the formation of anatase TiO2 microspheres 
with the substitutional boron (Bδ-, δ≤2) in the core. The subsequent heating at different 
temperature in air resulted in the different degree of gradient of boron from the core to the 
shell of microspheres, accompanying the change of substitutional Bδ- to interstitial Bσ+. 
 The morphology of TiO2 microspheres and the hybrid films were examined by scanning 
electron microscopy (SEM, JEOL 6300). Dye desorption was performed by dipping the 
sensitized sample in a0.1M of NaOH in ethanol-water (1:1) solution. The effective dye-
loading was determined from the absorption value for each NaOH/dye solution according to 
Beer’s law. The light absorption and scattering properties of the samples were investigated 
by UV-visible light absorption/diffused reflectance spectrometry (JASCO V-650). 
 
Fabrication and measurements of DSCs 
To prepare the working electrodes of DSC, the fluorine-doped tin oxide (FTO) glass (2.3 
mm thickness, 8 U/sq, Dyesol Glass) was first cleaned with a 2-propanol using an ultrasonic 
bath for 30 min, and then thoroughly rinsed with water. All pastes of pure TiO2 P25 
(Degussa), pure BMS and mixture sample were prepared following reported works. All 
samples were deposited on the FTO glass via doctor-blade method, followed by gradually 
heating at 100 ˚C for 15 min and 400 ˚C for 60 min. For the bilayer structure, the pure BMS 
layer was deposited on annealed P25 films and repeated the heating procedure. The 
resulting TiO2 films were immersed into a 0.3 mM N719 (Dyesol) dye solution in a 1:1 (v/v) 
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mixture of tert-butanol (LR, Ajax Chemicals) and acetonitrile (HPLC, Labscan) for 18 h. 
Subsequently, the samples were taken out, washed with acetonitrile and dried with N2. For 
the counter electrode, the platinum coated FTO glass with a 2 mm diameter hole was 
prepared according to a reported work. The Pt catalyst was deposited on the FTO glass by 
spin coating with H2PtCl6 solution (2 mg Pt in 1ml ethanol) and repeating the heat treatment 
at 400˚C for 15 min. Subsequently, the dye-covered TiO2 electrode and Pt-counter electrode 
were assembled into a sandwich type cell and sealed with a spacer of 30 µm thickness 
(Dyesol) with a drop of the I-/I3- organic solvent based electrolyte solution (EL-HPE, Dyesol) 
introduced via vacuum back-filling. 
 The photocurrent density-voltage (J-V) curve measurements were conducted with an 
AM 1.5 solar simulator (Oriel) equipped with a 150 W xenon light source and an AM-1.5G 
type filter (Newport, 81094). The light intensity of the solar simulator was adjusted by using 
an optical power meter (Newport, 1918-c) with a detector (818P-040-25). J-V curves were 
obtained by applying an external bias to the cell and measurements were recorded by a 
Keithley model 2420 digital source meter. The voltage step and delay time of photocurrent 
were 10 mV and 10 ms, respectively. The incident photon-to-current conversion efficiency 
(IPCE) was recorded on a Newport 1918-c power meter under the irradiation of a 300 W 
xenon light source (Oriel) with an Oriel Cornerstone 260 1/4 m monochromator in DC mode. 
A reference scan with the Si detector was taken prior to the sample measurement where the 
background can be subtracted. Electrochemical impedance spectroscopy (EIS) 
measurements were performed with a Solartron1260 Frequency Response Analyzer in 
combination with a Solartron1480 Potentiostat in the dark. The applied bias voltage and ac 
amplitude were set around the open-circuit (0.575V, 0.6V, 0.7V, 0.8V) and 10 mV, and the 
frequency range was from 0.1 to 105 Hz. 
 
Photodegradation of Rhodamine B 
The photodegradation experiments were carried out by adding 100 mg of samples into 
100 mL of 2×10-5 M Rhodamine B (RhB) solution. The suspension was stirred in dark for 30 
min to obtain the saturated adsorption of MB before illumination. The light source used was 
a 300 W Xenon lamp. 
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Adsorption equilibrium 
Adsorption experiments were carried out by adding sample (50 mg) to a series of 250 mL 
conical flasks filled with diluted N719 ethanol solutions (25 mL, 100 mg L-1). The conical 
flasks were then sealed and shaken in an oscillator at room temperature. The concentration 
of N719 in the solution was measured at the maximum absorption wavelength of N719 (523 
nm) using a UV/Vis spectrophotometer. The amount of N719 at time t, qt (mg g-1), was 
calculated from the following equation: 
ݍ௧ ൌ ሺܥ଴ െ ܥ௧ሻVW  
C0 and Ct (mg L-1) are the liquid phase concentrations of N719 dye at initial and any time 
t, respectively, V the volume of the solution (L) and W is the mass of adsorbent used (g). 
 
Electrical property measurement 
The electrical property measurements were conducted within a field-emission scanning 
electron microscope (FEI, NanoSEM 430) equipped with a four-probe micromanipulator 
(Kleindiek MM3A-EM) in its ultrahigh-vacuum chamber at room temperature. The silicon 
wafer was used as a substrate to support the well distributed samples, which were 
ultrasonically dispersed in an ethanol solution prior to be dropped onto the substrate. For 
picking up the microsphere and measuring its I-V curves, two probes were used to connect 
to a Keithley 4200–SCS semiconductor characterization system. A commercial tungsten 
probe was employed due to its sufficient hardness and sharpness to reach the experimental 
goal. Prior to loading the microsphere, two tungsten probes were manipulated to achieve 
tip-to-tip contact and then subjected to Joule heating by applying a voltage around 5 V 
several times in order to fully remove the surface tungsten oxide layer on the probes and 
achieve ohmic contact. The final electrical resistance of the treated tungsten probes was 
measured to be around 10 Ω. The targeted single microsphere on the substrate was picked 
up by manipulating the two probes. Before recording the I-V signals, two important steps are 
necessary: i) the separation of the picked up microsphere from the substrate so that the 
possible influence of the substrate on the measurements can be ruled out; ii) the blocking 
of the electron beam to exclude a possible influence of electron bombardment and charging 
effects. 
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Figure S1 Adsorption capacity with adsorption time for N719 on BMS and BMS-600 
 
 
Figure S2 RhB photodegradation of BMS and BMS-600. 
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Chapter 8. Conclusions & Recommendations          
 
8.1 Conclusions 
This thesis is mainly focusing on the synthesis of anatase TiO2 crystals with tailored facets, 
and their applications in solar energy conversion. A series of works has been done and can 
be concluded as follow: 
 
Micro-sized anatase TiO2 single crystals with different percentage of {001}, {010} and {101} 
facet can be obtained by accurately adjusting the concentration of precursor titanium 
oxysulfate (TiOSO4·xH2O) and the concentration of capping agent HF.  
Each anatase {001}, {010} and {101}, has different electronic structure, which is attributed 
to the different surface atomic structure. The different electronic structure leads to light 
absorption edge variation, indicating the different band gap. According to the XPS valence 
band data, anatase {001}, {010} and {101} facet have the similar valence band maximum, 
but different conduction band minimum.  
Anatase {010} facet has the largest band gap and the highest conduction band minimum, 
in which the photogenerated electrons have superior reductive ability. Furthermore, {010} 
facets have highly undercoordinative surface atomic structure with 100% Ti5c atoms. These 
are the reason that anatase {010} facets showed the highest photoreactivity in the 
performance test of photooxidation reactions for OH radical generation and photoreduction 
reactions for hydrogen evolution. It can be concluded that the activity of a photocatalyst is 
contributed synergistically by its surface atomic structure and electronic structure. 
 
The insoluble solid precursor, lepidocrocite-type bulk titanate Cs0.68Ti1.83O4/H0.68Ti1.83O4 
powder is considered as an excellent precursor to synthesize faceted anatase TiO2 single 
crystals with dominant {001} facet, indicating that the insoluble solid precursor is suitable for 
synthesizing TiO2 single crystals. 
The Cs+ or CO32- ions can provide a weak basic environment, which is benefit to the 
formation of anatase {010} facet.  
The nanosized rods with dominant {010} facet and high surface area have a comparable 
conversion efficiency in dye-sensitized solar cells, and a superior photocatalytic conversion 
of CO2 into methane to the benchmark P25 TiO2 nanocrystals. The results illustrate that 
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anatase {010} facets have superior performance not only for H2 evolution (as Chapter 4 
indicated), but also for reduction of CO2 and DSCs. 
 
Na3PO4 can work as capping agent for the formation of TiO2 facets, when the insoluble solid 
precursor, H0.68Ti1.83O4, is used as precursor in hydrothermal treatment for the synthesis of 
faceted anatase TiO2 single crystals. With the different concentration of Na3PO4, TiO2 single 
crystals with dominant {010}, {301} and {101} facet, respectively, can be obtained.  
The methods of co-catalyst loading have great influence on the distribution of co-catalyst, 
which can seriously affect the performance of photocatalyst in water splitting. The result 
indicated that loading Pt co-catalyst by photoreducing restrained the performance of 
photocatalyst by introducing serious aggregation of Pt co-catalyst. Without loading co-
catalyst, the sample with dominant {010} facets exhibited a superior intrinsic activity 
comparing to {101} and {301} facets.  
 
Boron-containing anatase TiO2 microspheres with large percentage of {001} facet can be 
obtained by hydrothermal treating TiB2 without using any F- ions contained capping agent, 
The B-TiO2 microspheres played a dual role in not only offering excellent light scattering 
effect owing to its large particle size and exposed {001} facets, but also promoting 
conductivity of the microsphere because of the presence of heteroatom boron. The hybrid 
photoanode of B-TiO2 and P25 exhibited higher light harvesting and better charge collection 
and diffusion properties than that of pristine P25 in DSCs with ~ 23% efficiency improvement. 
 
8.2 Recommendations 
This thesis aims at the study of TiO2 crystal with facet engineering for solar energy 
conversion. On one hand, several methods have been developed to synthesize anatase 
{001} and {010} facet. On the other hand, the intrinsic properties of TiO2 surface were studied 
by conducting the characterisation and application tests. To future improve the performance 
of faceted TiO2, the following areas are recommended for further consideration: 
 
The synergetic effect between different facets: The observed activity difference between 
TiO2 crystals with different facets was explained by the effect of surface band structures on 
the redox abilities of photoexcited charge carriers in each surface associated with the 
conventionally considered density of undercoordinated atoms exposed on each surface. 
The different redox abilities of different facet lead to different photocatalytic reactions on 
their surface. Therefore, the synergetic effect between different facets should be further 
 103 
 
studied as it can introduce the spatial separation of charge carriers. The performance of 
TiO2 crystals would be enhanced due to the repressed charge recombination.  
 
The co-catalyst on different facets: The study of co-catalysts is an important area in 
photocatalysis. With co-catalyst loading, the performance of photocatalysts can be 
dramatically enhanced. The property and performance of co-catalyst may be affected by the 
anisotropic properties of TiO2 surface. Selective deposition of different co-catalysts on 
different facets would further improve the charge separation and the efficiency of solar 
energy conversion. 
 
Heterostructuring: Heterostructuring is considered as an effective modification for 
separating charge carriers and introducing visible light absorption. The charge carrier 
transfer between hetero-semiconductors is essential to the efficiency of solar energy 
conversion. Further study of the interface between hetero-semiconductors is imperative.  
 
 
 
 
  
